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Director: Dr. Donald Hyndman
The Prichard/Aldridge Formation is the lowermost member of the Belt/Purcell 
Supergroup, a 15-20km thick middle Proterozoic sedimentary sequence which is exposed 
in much of northwestern Montana and southeastern British Columbia. The lower 
Prichard hosts a number of mafic sills which were emplaced into wet, unlithifled 
sediments. This study presents new evidence for shallow emplacement of the Plains Sill, 
a 150-3 00m thick granophyre-capped hornblende diabase sill which was emplaced on the 
Prichard D-E boundary near Perma, Montana. Petrologic and geochemical analysis of 
two transects through the sill and its host metasediments reveal that massive 
hydrothermal circulation accompanied emplacement, and suggest that the hydration of the 
sill was coincident with emplacement and not the result of a later metamorphic event. 
Furthermore, this study suggests that the emplacement of the sill was not associated with 
a significant metamorphism of the surrounding sediments.
The sediments of the lower Prichard have been metamorphosed to upper 
greenschist/lower amphibolite grade. Metamorphic textures indicate that metamorphism 
was thermal and not dynamic. Thermobarometry and petrologic examination of the 
sediments which host the Plains Sill suggest that this metamorphism occurred as a result 
of burial beneath most or all of the Belt Supergroup. Calculated pressure-temperature 
conditions indicate that peak metamorphism occurred at a temperature of 600°C and a 
pressure of 5 kbars. The geothermal gradient inferred from these calculations is 
consistent with the hypothesis that deposition in the Belt Basin was induced by 
continental rifting.
This paper proposes a two-stage model for the evolution of the Belt Basin. First, 
continental rifting, accompanied by the emplacement of large quantities of mafic magma 
(Moyie Sills o f British Columbia and their United States equivalents, which include the 
Plains Sill), initiated deposition in the Belt Basin. Subsidence may have been facilitated 
by isostatic response to the emplacement of mafic magma. Second, burial 
metamorphism, beneath as much as 20km of overlying sediment, induced peak conditions 
of 600°C and 5 kbar which produced the assemblages observed in the lower Prichard. 
Recent work by Alienkoff (1996) indicates that this event must have occurred after 
1443ma, since prior to that date there was insufficient burial to reach the metamorphic 
pressures calculated in this study.
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INTRODUCTION
The Middle Proterozoic Belt/Purcell Supergroup (Figure 1) is a 15-20km thick 
sedimentary sequence deposited largely between 1469 and 1443ma (Aleinkoff, 1996). 
Models of the tectonic setting of the basin include: a rifted continental margin, an intra- 
cratonic basin, an asteroid impact site and a remnant ocean basin (Price, 1984, Winston, 
1986, Sears and Alt, 1989, Hoffman, 1988). The lowermost member of the Belt, the 
Prichard/Aldridge formation (hereafter called the Prichard) comprises at least six 
kilometers of interlayered quartzite and argillite. Its bottom contact is not exposed and 
therefore its total thickness is unknown (Cressman, 1989). Poage (1997) proposed an 
analogy between the tectonic setting of the Prichard and the Guaymas Basin in the Gulf of 
California, a recently activated spreading center characterized by high sedimentation rates 
and large-scale hydrothermal activity. Based on preserved sedimentary structures and 
lithologie correlations, Cressman (1985, 1989) divided the Prichard into nine members. 
Members A-E (the lower Prichard) represent the first of two shallowing up sequences, 
which culminates in intratidal sediments with preserved shallow water structures. 
Members F-H comprise a second shallowing up sequence which culminates in the 
shallow water sediments of the overlying Ravalli Group (Figure 2).
The sediments of the lower Prichard have been metamorphosed to upper 
greenschist/lower amphibolite facies, but the timing and cause of this metamorphism 
remains uncertain and is one of the foci of this paper. The observed metamorphism has 
been explained in several different ways. The first, and perhaps most widely accepted, is 
a burial metamorphic event which took place as a result of continued basin subsidence
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Figure 2a; Simplified stratigraphie column through the Belt Supergroup.
Total thickness is between 15 and 20km. After Winston and Link, 1993.
Figure 2b: Sim plified stratigraphie column though the Prichard Formation.
The Plains Sill is shown at its stratagraphic level near Perma, Montana. 
After Cressman (1985).
and increased overlying sedimentary load (Norwick, 1972, Cressman, 1989). Another 
possible cause is an orogeny circa 1370ma (the East Kootenay Orogeny) that may have 
deformed the Aldridge (the Canadian Prichard equivalent) sediments in southwestern 
British Columbia (McMehan and Price, 1982). The same orogeny is thought to have 
affected the Yellowjacket Formation of Idaho (Doughty and Chamberlain, 1996). 
However, the stratigraphie correlation between the Yellowjacket and the Prichard is not 
universally accepted (Winston and Link, 1993). Metamorphic biotite from the Prichard 
near Alberton, Montana, yielded a K-Ar date of 1330 ma ±45 (Obradovich and Peterman, 
1968) suggesting the possibility that the East Kootenay Orogeny did affect the Prichard 
rocks in Montana. However Sears (personal communication, 1997) reports that 
unpublished K-Ar dates from the same region produced a wide range of dates, all of 
which were Phanerozoic. Thus the effects of the East Kootenay Orogeny on the lower 
Prichard in Montana remain equivocal. Thirdly, Anderson and Davis (1995) propose that 
two orogenies, one between 1120 and 1030ma, and one (the Goat River orogeny) circa 
760ma, effected the Purcell Supergroup, the Canadian equivalent of the Belt. Lastly 
Poage and Sears (1994) suggested that the heat from the large volume of mafic sills 
emplaced in the lower Prichard between 1469 and 1433 ma was responsible for the 
observed metamorphism, and that additional heat may have been put into the Belt Basin 
from an underlying magma chamber or asthenospheric dome which was the source of the 
sills. This magma chamber may have been emplaced after an asteroid impact induced 
pressure relief melting below the Belt Basin (cf.. Alt et al., 1989).
The lower Prichard hosts a number o f mafic sills, some of which can be traced 
over an area greater than 2700 square miles and range in thickness from 1 to 700m 
(Bishop, 1973). The sills extend to the west into Idaho as the Purcell Sills, where they 
comprise 25-30% of the section (Bishop, 1973); to the Sullivan mine in southeastern 
British Columbia as the Moyie Sills, where they comprise 30% of the section (Hoy,
1989); and throughout northwestern Montana, where they comprise 17% of the section 
drilled in the Atlantic Richfield-Marathon Oil No. 1 Gibbs borehole (Harrison et al,
1985).
In Plains and Perma, Montana, the study area of this project, sills make up 10% 
of the section (Cressman 1985). The percentage of sills decreases upward, with the basal 
units of the Prichard (A and B) hosting over 1000m of sills (Cressman, 1989). It has been 
proposed that these sills, emplaced at shallow levels during the deposition of the lower 
Prichard, provided a basement sink which facilitated subsidence and deposition in the 
Belt Basin (Buckley and Sears, 1992). This study does not refute that inference.
However, it does present evidence that the sills had little role in the metamorphism of the 
basin beyond providing a mechanism for accumulating a deep sedimentary pile.
The Plains sill, a 150-300m thick granophyre-capped diabasic sill near Plains and 
Perma, Montana, is a focus of this study. Its granophyre cap and thickness are not 
ubiquitous features in the sills of the lower Prichard, but its mineralogy, trace element 
chemistry and stratigraphie position demonstrate its similarity to the other sills in the 
lower Prichard (Poage, 1997, Anderson and Davis, 1995, Hoy, 1989). Any model which 
attempts to explain the relationship of the sills to their host sediments must also
adequately explain the unusual mineralogy of the sills themselves. Nearly all of the lower 
Prichard sills, including the Plains sill, lack any trace of remnant pyroxene and commonly 
consist of hornblende + plagioclase ± epidote ± biotite (Poage, 1997, Hoy, 1989, Bishop, 
1973). Poage (1997) suggested that amphibole may have crystallized from the melt, or 
formed prior to complete crystallization of the Plains sill. Post-crystallization 
metamorphism could account for the lack of pyroxene, but such a metamorphic event, if 
it occurred after the sills crystallized and cooled, would have to force enough water 
through thick, solid, diabase sills to completely hydrate them and eliminate pyroxene 
even in the cores of amphibole grains. The hydration of a sill of this thickness emplaced 
in detrital sediments remains problematic. However, chemical analyses of a transect 
through the Plains Sill and its host sediments, as well as petrologic examination, provide 
evidence for massive hydrothermal circulation associated with the emplacement of the 
sill, and support the argument that the sill was hydrated upon emplacement and prior to 
complete cooling.
At least some of the sills, including the Plains sill, were emplaced into wet, 
unlithified sediment at a depth of no greater than 1.6km (Hoy, 1989, Buckley and Sears, 
1992, Poage, 1997). This assertion is based on the presence of fluidized sediment, 
amygdules, miarolitic cavities and “boiling” features observed at the upper contact of 
both the Plains Sill in northwestern Montana and several of the Moyie sills (Hoy, 1989, 
Buckley and Sears, 1992, Poage, 1997). These “boiling features” are similar to those 
described by Kokelaar (1982) and Krynauw et al (1988). Based on this evidence, Poage 
(1995) drew a corollary between the tectonic environment associated with the deposition
of the lower Prichard and the Guaymas Basin in the Gulf of California (Einsele, 1980). 
Examination of the sediments which host the Plains Sill reveals additional evidence for 
emplacement into shallow sediments. This includes: 1) geochemical evidence for 
massive hydrothermal circulation through the host sediments nearest the sill and 2) 
petrologic evidence that only a limited contact aureole developed as a result of 
emplacement, perhaps because of rapid cooling of the sill.
Based on pétrographie, chemical and thermobarometric analyses, this paper 
presents a model which invokes a two-stage evolution of the lower Prichard Formation. 
First, the emplacement of mafic sills near the sediment-water interface caused large-scale 
hydrothermal circulation and concentrated mafic constituents in the silica-rich Prichard 
sediments. Because of rapid cooling of the sill, this magmatic event was not associated 
with widespread contact metamorphism. Second, burial metamorphism reached peak 
conditions at least 25Ma after the emplacement of the Plains Sill (1469ma). At the 
stratigraphie level of the Plains Sill in the lower Prichard, this burial event recorded 
temperatures as high as 600°C and pressures of approximately 5 kbar.
LOCAL GEOLOGY
This paper examines the relationship between the sills of the lower Prichard and 
their host sediments, on both a regional and local scale, based on a study of the sediments 
enclosing the Plains Sill in the areas of Plains and Perma, Montana (Figure 3). In this 
region the Prichard is at least 6 km thick and hosts three large mafic sills. The Paradise 
Sill, an which was emplaced between Prichard Units A and B, the Plains Sill, which at 
most locations was emplaced concordantly between units D and E, and the Whiskey 
Gulch sill, which was emplaced in Prichard unit F (Figure 2). Unpublished U-Pb dating 
of igneous zircons by Chamberlain and Sears yield dates of 1469 ± 2 ma for the Plains 
Sill and 1457 ± 2 ma for the Paradise Sill (Sears, written communication, 1997). The 
lower Prichard is exposed in a series of anticlines which are part of the Purcell 
Anticlinorium.
Most of the samples in this study come from the Camas Prairie and Flathead River 
sections marked in Figure 3, where the Plains Sill sits along the Prichard D-E boundary. 
Prichard D and E sediments along the Flathead River and Camas Prairie sections consist 
o f interbedded quartzites and argillites, with laterally continuous layers. Common 
metamorphic assemblages in both units consist of quartz - plagioclase - biotite - 
muscovite - ilmenite ± garnet ± chlorite. Close to the sill, many layers have been altered 
to tourmalinite. The exposure of the sill varies and its contacts are well exposed in only a 
few locations.
T 2 0 N
T19N
T18N
T17N
Flathead 
Indian 
ReaervatioQ
Lolo
National
Forest
Boyer 
CfMk Q, 
Section
McGIaushiin 
Creek ^
Gear 
Creek
Knob CAMAS 
PRAIRIE 
Geek SECTION 
“̂ FLATHEAD 
RIVER 
SECTION
Patnck
Knob
^  E
Quinns Hot Spring
Seepay Ridge Section
Three Lakes Peak 
Trail Section
Seepay Geek Anticline 
SW Flank1 mue
R 2 6 W R 2 5 W R24W R 2 3 W
Figure 3: Simplified geologic map of the Plains/Perma area (unpublished compilation by 
Sears, 1992). Transects sampled in this study are in bold, capital letters. Areas 
studied by Poage, 199 are in boxes with lower case letters. Transects through the 
Quinn's Hot Springs area and the Three Lakes Peak Region were sampled in both 
this study and in Poage's 1997 study.
CONTACT METAMORPHISM AND METASOMATISM ASSOCIATED WITH 
THE EMPLACEMENT OF THE PLAINS SILL
The alteration associated with the intrusion of the Plains Sill into Prichard 
sediments provides an example of the complex processes initiated by the intrusion of 
basaltic magma into wet sediments. Two transects were sampled above and below the sill 
in the area north o f the Flathead River, along Montana Highway 382 (Figure 3). 90 
samples were collected from sediments below the sill, 20 from the sill itself and 30 from 
overlying sediments (Table 1). At these sites the sill lies concordantly along the Prichard 
D-E boundary. The sill at these locations is 200-250 m thick, and is differentiated into a 
lower hornblende diabase, and an upper granophyre. Based on pétrographie, geochemical 
and Sr isotope analyses, Poage (1997) concluded that the granophyre was of igneous 
origin. The diabase portion of the sill contains no pyroxene, but rather two types of 
hornblende, plagioclase and minor biotite. Poage (1997) suggested that the hornblende 
was either formed by precipitation from a hydrated melt or by fluid infiltration into the 
partially molten sill very shortly after emplacement.
Thin section, chemical and trace element analyses were carried out in an attempt 
to characterize the effects of the sill on Prichard sediments. Pétrographie data was 
enhanced by 300 spot analyses of garnet, biotite, muscovite, chlorite, tourmaline, 
plagioclase and ilmenite using a Zeiss DSM-960 scanning electron microscope (SEM) 
with a Link eXL energy dispersive spectrometer at Amherst College. The analysis area 
width was 5 microns. Results of these analyses are presented in Appendix A. Whole 
rock chemical analyses were performed at the Xray Assay Laboratory and the 
geoanalytical laboratory at the University of Saskatchewan, using XRF, Sodium sinter
10
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Table 1: List o f samples and their distanees from the sill
Distance (m) Distance (m)
Sediments Below TRANSECT Sediments Above FRANSECT
Bottom Contact Flathead River Camas Prairie Quinns Hot Springs Upper Contact Flathead River Camas Prairie Quinns Hot Springs
. 0.5 58a, 22a 1 76a 90, 91
1 59a, 23a, 24a, 25a 65 2 92, 93
2 60a, 26a, 27a, 28a, 29a 66 3 94, 95
3 30a, 31a, 32a 67 4 96, 97
4 33a, 34a, 35a 68 5 98, 99, 1a
5 61a, 36a, 37a, 38a, 39a 69 6 2a, 3a
6 40a, 41a, 42a 70 7 4a
7 43a, 44a 71 8 5a
8 72 9 6a
9 73 10 77a 7a
10 62a 74 11 8a
11 45a 31 12 9a
12 46a 32,33 75 13 51
13 34 14 10a
14 47a 35 76 16 78a
15 48a 36 17 11a
16 37 77 22
18 49a 38 78 24 52
19 39 26 53
20 50a 41,42 29 79a
21 43 79 30 54
22 44 34 55
23 2 41 12a
24 3 48 13a
25 4 49 .80a
26 5 63
27 6,7 80 64 57
28 8 65 56
29 51a 9 67 58
30 10 81 71 81a, 82a
31 11 73 59
34 12 82 77 60
35 63a 78 14a
37 52a 13 83 82 61
39 14 87 62
41 15 107 63
44 16 118 64
47 17 171 83a, 84a
48 53a 402 50
50 18
52 19 84
55 20 Sill Above
58 64a 21 Bottom Contact Camas Prairie Description
66 22 85 0,5 67a Diabase
73 23 2 68a Diabase
81 24 10 69a Diabase
88 25 49 70a Diabase
90 86 98 72a Granophyre
93 65a 113 73a Granophyre
96 26 152 74a Granophyre
113 87 178 75a Granophyre
128 88
149 27
185 66a
210 28
302 29
463 30
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and IC-PMS. Results of these analyses are presented in Appendix B.
LOWER CONTACT RELATIONS
Sediments below the bottom contact are divided into three zones (Figure 4). Zone 
1, which was sampled only at the Flathead River transect, is 3m thick, and consists 
primarily of biotite-rich layered argillite. Rocks in this zone typically consist of 5-10 cm 
thick layers comprised of quartz (Iplagioclase), biotite, muscovite, ilmenite, ± 
tourmaline, ± apatite. Grain size varies significantly from layer to layer but does not 
depend on distance from the sill.
Quartz commonly is present as 100-200 micron grains which make up over 50% 
of the rock. Because plagioclase is untwinned and similar in size and refractive index to 
quartz grains, it is difficult to estimate the amount of plagioclase in thin section.
Scanning four samples with SEM/EDS revealed only minor (<2%) plagioclase, although 
other workers have reported an average of 20% plagioclase in Prichard D metasediments 
(Cressman, 1989). Biotite is present both as randomly oriented porphyroblasts and fine­
grained aggregates which define relict bedding . Biotite porphyroblasts are not 
compositionally zoned, and have an Fe/Fe+Mg ratio of 0.78. Muscovite is present only 
as small laths (20 microns) which separate quartz grains and exhibit a weak to moderate 
preferred orientation. Tourmaline is present as 0.5mm strongly blue-light brown 
pleochroic schorl-rich porphyroblasts with abundant quartz inclusions. However some 
samples include predominantly brown-colorless pleochroic grains, which may be more 
dravite rich.
Hand specimens reveal heavy fracturing and dark veins which cross cut the rock. 
In thin section, these veins are seen to contain highly concentrated biotite (up to 70%) and 
opaque grains, with lesser amounts of tourmaline, muscovite and quartz (Plate 1).
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Same as Zone 3 Below the Sill. 
In some samples, chlorite is 
present but not part of the 
equilibrium assemblage.
Not present at Flathead 
River transect.
Qtz - Flag - Kspar - Biotite. 
Grades gradually into meta­
sediments at Flathead River. At 
Camas Prairie is overlain by 
hydro-thermal zone.
Hornblende Diabase. Fine to 
medium grained. Multiple 
microfractures.
Zone 1 - Heavily veined and 
fractured. Quartz-plagioclase- 
biotite.
Qtz-Plag-Bi-Ms-Gt±Chl
Upper Hydrothermal Zone
Granophyre
’  '>...
Zone 2 - Two Rock Types, 
Heavily Metasomatised.
1) Tourmalinite
2) Biotite - Quartz -Plagioclase
Zone 3 - Qtz - Flag - Bi - Ms - 
Gt.
DIABASE
ZONEl
F T :— , ,  „  , .-.ï.-xA ^  '------:
ZONE 2
ZONE 3
Figure 4 - Schematic composite cross-section through the Plains Sill and the surrounding 
metasediments. Data taken from the Flathead River and Camas Prairie transects.
Plate 1 : Photomicrograph (plain light) showing biotite/tourmaline/opaque rich layers 
(top left) and more mafic-poor layers (bottom right) from a sample in Zone 1. 
Field of view is approximately 1 cm.
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Despite its proximity to the sill, the mineralogy in this zone does not vary greatly from 
Prichard sediments hundreds of meters farther from the sill. Instead, the influence of the 
sill is seen in heavy fracturing and crosscutting veins which permeate the rocks. This 
observation suggests that the sediments may have been baked upon emplacement of the 
sill and did not retain sufficient porosity to be heavily metasomatised without fracturing.
Zone 2 metasediments, between 3 and 35 m below the sill, consist of interlayered 
biotite, muscovite argillites and tourmalinite. The argillite strongly resembles unaltered 
Prichard Formation mineralogically, although it exhibits textures which are unique to this 
zone. It consists of small porphyroblasts of biotite which form predominantly along relict 
bedding planes, and very quartz-rich layers which make up 70% of the rock. However, 
metamorphic textures reveal that these layers are not “unaltered” Prichard. Samples 
exhibit a distinctive spotted texture which in hand specimen resembles spotted homfels 
and in thin section reveals 1mm spherical aggregates of very fine-grained quartz rimmed 
by biotite (Plate 2).
The origin of this texture is not known. However, it is possible that the felsic 
cores are reducing spots associated with remnant organic matter. A spot with local 
(1mm) reducing conditions would allow iron to be transported as mobile Fe^\ When the 
iron reached the limit of the reducing zone, it would be oxidized to Fê  ̂and deposited (cf. 
Hoffmann, 1990). The iron deposited at the edge of spherical reduction spots during 
hydrothermal circulation might form nucléation sites for biotite during later 
metamorphism. Large Cerium anomalies (Figure 5), especially from sample 62a which 
best exhibits this texture, suggest that the regional fluid composition was highly oxidized 
(Kerrich and Wyman, 1996). Although this theory provides an explanation for the
17
Plate 2: Photomicrograph (plain light) showing biotite surrounding round, mafic-poor
zones in sample from Zone 2. Note that the cores of these spots may also include 
some biotite. Field of view is appoximately 1 cm.
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Figure 5: Plot of mobile and immobile elements of samples/primative mantle. 
Samples from Zone l(58a-60a, closed symbols) and Zone 2 (61a-63a, open symbols) 
are plotted. Note the cerium anomaly associated with all samples, especially 62a. 
Also note the relative coherence of immobile elements such as Th, Hf and Zr, and the 
incoherence of mobile elements such as Ba, Rb, K, Ce and Cs.
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transport mechanism, it does not explain the close packing of these biotite coated spheres 
(Plate 2).
The other distinctive rock type of Zone 2 is tourmalinite, which in this study is 
defined as rocks with greater than 5% tourmaline. Most commonly, tourmalinite is 
present as 10cm thick layers which are concordantly interbedded with the biotite-rich 
argillites described above. However, discordant relationships are not unusual. The 
tourmalinites consist of up to 30% of tourmaline-rich in schorl, with a smaller dravite 
component. Three distinct textures are observed in these rocks. The most common 
exhibits 20-40 micron long laths of pale green tourmaline which make up 5-15% of the 
groundmass of quartz-biotite argillite (Plate 3). EDS analysis indicates this tourmaline 
has an Fe/Fe+Mg ratio of 0.6, indicating a large schorl component (Table 2). Leitch et al 
(1993) interpret that these “felted needles” reflect hydrothermal alteration, a hypothesis 
that is in agreement with observations made in this study. Tourmaline is also present as 
<2mm porphyroblasts, which exhibit strong blue to light brown pleochroism, radiating 
extinction, and comprise up to 20% of the rock (Plate 4). These rocks have a larger 
average grain size than any others in this study, although the tourmaline porphyroblasts 
are similar in size and color to those found in trace amounts at greater distances from the 
sill. Lastly, several samples reveal tourmaline-rich (up to 20% tourmaline) and quartz- 
rich layers overprinted by spherical zones with tourmaline + ilmenite cores and bleached, 
mafic-free rims (Plate 3). Except for the addition of 0.5mm ilmenite grains rimmed by 
leucoxene, the cores exhibit a mineralogy and texture which is identical to the bedding 
layers outside the spheres.
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Plate 3; Photomicrograph (plain light) showing tourmaline and quartz-rich layers which 
define relict bedding in a sample from Zone 2. Also note the bleached circles 
which overprint bedding, and contain tourmaline + ilmenite cores. Field of view 
is approximately 1 cm.
'K  .V .* -
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Table 2: Tourmaline compositions from SJP20. The grains analyzed appear identical 
in thin section to the fine grained tourmaline needles found in rocks from each zone both 
above and below the sill.
% Oxide
Si 35.701 35.667 36.193 36.803 36.693
AI 32.81 32.936 34.802 34.491 33.142
Ti 0.718 0.977 0.231 0.529 0.276
Mg 4.009 3.805 3.014 3.455 4.298
Fe 9.327 9.635 9.693 10.046 10.465
Mn 0 0 0 0 0
Ca 0.256 0.202 0.203 0.21 0.241
Na 1.845 1.701 1.888 1.871 2.1
K 0 0 0 0 0
Ba 0 0 0 0 0
2n 0 0 0 0 0
Cl 0 0 0 0 0
Total 84.666 84.923 86.024 87.405 87.215
Formula 0=19 0=19 0=19 0=19 0=19
Si 4.64 4.62 4.62 4.63 4.65
AI 5.02 5.03 5.23 5.11 4.96
Ti 0.07 0.10 0.02 0.05 0.03
Mg 0.78 0.73 0.57 0.65 0.81
Fe 1.01 1.05 1.03 1.06 1.11
Mn 0.00 0.01 0.00 0.00 0.01
Ca 0.04 0.03 0.03 0.03 0.03
Na 0.47 0.43 0.47 0.46 0.52
K 0.00 0.00 0.00 0.00 0.01
Ba 0.00 0.00 0.00 0.00 0.00
2n 0.00 0.00 0.01 0.02 0.00
Cl 0.00 0.00 0.00 0.00 0.01
Cations 12.02 11.99 11.98 12.00 12.13
Plate 4: Photomicrograph (crossed polars) showing optically continuous (dark)
tourmaline porphyroblast in Zone 2. Field of view is approximately 2 mm.
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This spherical texture overprints remnant bedding, and thus is post-depositional. 
Although its origin remains equivocal, one possible explanation is that the core of the 
spheres were loci of high titanium, which served as a nucléation sites for ilmenite. The 
nucléation of ilmenite might draw iron and titanium from the surrounding area, draining 
the mafic constituents need to make biotite or tourmaline. The presence of tourmaline 
associated with ilmenite in the cores of these circles is not explained by this model. If the 
nucléation of ilmenite drained iron from its surroundings, the tourmaline in the core of 
this zone should be more magnesian than the tourmaline in the surrounding rock. No 
optical difference between the tourmaline in these areas has been observed and this 
hypothesis remains to be tested with microprobe analyses.
Another possible explanation for this texture is the transport of mafic constituents 
on the expanding front of an air bubble which nucleated as water below the sill began to 
boil. This model requires the bubble to remain in place for some time, since it’s collapse 
would result in reinfiltration of the core with mafic-rich fluids. If the bubble did persist 
until the fluid cooled, however, the fluid which permeated the felsic core might not have 
been hot enough to dissolve mafic constituents, and thus would not effect the bulk 
chemistry of the core. However, the amount of time necessary for cooling to significantly 
effect the composition of the fluid phase makes the continued coherence of such a bubble 
unlikely, especially given the extent of hydrothermal circulation through the sediments.
Zone 3 begins at distances greater than 35m below the bottom contact. In this 
zone, metasediments of Prichard unit D consist primarily of quartz - plagioclase - biotite - 
muscovite - ilmenite ± chlorite ± garnet ± apatite (Plate 5). Primary bedding is well 
preserved. Biotite and garnet porphyroblasts range up to 1mm in diameter, and sparse
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Plate 5: Photomicrograph (plain light) showing "regional assemblage" of Zone 3. Garnet 
porphyroblast is in the upper right comer. Chlorite porphyroblasts are in the 
middle and lower left. Field of view is approximately 1 cm.
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chlorite porphyroblasts reach 2mm in length. Textural evidence indicates that chlorite is 
a primary, rather than retrograde phase. Chlorite exists as large, euhedral porphyroblasts 
that are not associated with ilmenite or sphene. The absence of these titanium-rich phases 
associated with chlorite suggests that chlorite was not produced from titanium-bearing 
biotite. Furthermore, analysis of chlorite reveals the centers of the porphyroblasts to 
contain up to 0.22 weight percent MnO, whereas edges of the chlorite are manganese 
free. One explanation of this observation is that the chlorite started growing before the 
rocks crossed the garnet isograd, and that once the rocks reached higher temperature, 
garnet incorporated manganese at the expense of chlorite.
The amount of plagioclase in the rock is difficult to determine because it is 
untwinned and very fine grained. However, examination of thin sections on the 
SEM/EDS revealed only minor concentrations, and the average of 1.5% which Norwick 
(1972) reports from his pétrographie work is not unreasonable. The few plagioclase 
grains that are present range in composition from Anis-Anso. There is no systematic 
variation between core and rim of plagioclase grains, and the range in anorthite content 
within a single slide presents a problem which is yet unsolved. A single grain of Ans was 
found in one sample, indicating that a persterite gap may have developed during 
metamorphism. For further discussion of variations in plagioclase composition see the 
section on thermobarometry.
The abundance of garnet decreases greater than 100m below the sill and thus it is 
difficult to document changes in metamorphic grade. However, examination of rocks up 
to 500m from the sill yields no evidence to refute the assertion that the mineralogy in 
Zone 3 is indicative of the regional metamorphic conditions which affected the lower
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Prichard. This argument is consistent with the similarity between the mineralogy in Zone 
3 and the mineralogy found more than 100m above the sill (see following section). The 
abundance of garnet near the bottom contact of the sill may have resulted from 
concentration of iron and manganese during hydrothermal activity associated with the 
emplacement o f the sill. This interpretation is supported by the presence of gamet- 
biotite-tourmaline-rich rinds and pods which are hosted by gamet-tourmaline-absent 
argillites (Plates 6 and 7).
Two possibilities are considered to explain the absence of garnet nearer the sill in 
Zones 1 and 2. The first is that a concentration of boron in these zones allowed the 
nucléation of tourmaline at the expense of garnet. Because tourmaline is the only mineral 
which incorporates large amounts of boron, tourmaline may have grown preferentially 
and depleted the sediments of the constituents (Fe, Mn, Mg and Ca) necessary to grow 
garnet. This would also explain the relatively low levels of biotite in most tourmaline- 
rich samples. The second explanation considers the transects sampled. The only area 
where Zones 1 and 2 are exposed is in the Flathead River transect. Even Zone 3 of this 
transect does not contain garnet. However the Camas Prairie transect, a few kilometers 
north, contains abundant garnet but zones 1 and 2 are not exposed. Given the complexity 
of the hydrothermal systems established in wet sediments below sills, it is probable that 
manganese was concentrated in some areas and not others.
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Plate 6: Photomicrograph (plain light) of a mafic/gamet-rich rind on a quartz-rich, mafic- 
poor sample from Zone 3. Garnet is in the upper center portion of the 
photomicrograph. Field of view is approximately 1 cm.
Plate 7; Photomicrograph (plain light) showing a mafic/gamet-rich pod surrounded by a 
quartz, muscovite matrix in Zone 3. Field of view is approximately 1 cm.
TOP CONTACT RELATIONS
The effects of the sill on the sediments above it were not as profound as those 
below it. At the Flathead River transect, it is difficult to locate the upper contact based 
solely on field evidence. The granophyric portion of the sill grades continuously into 
fine-grained sediments of similar composition, and the contact must be drawn based on 
textural evidence seen in thin section (Plate 8). At the Flathead River transect, grain size 
decreases from 1mm grains of quartz and biotite at the contact to 0.5mm grains within the 
first 1 Dm. This zone is interpreted to be the contact “aureole” related to the emplacement 
of the sill. The sediments immediately adjacent to the sill contain the assemblage quartz 
+ plagioclase + biotite + muscovite ± tourmaline ± zircon. The plagioclase is often 
twinned and coarser than that found farther above the contact. It is unclear why the 
plagioclase retained twinning during later metamorphism. The absence of garnet in the 
samples closest to the sill may have permitted prograde metamorphism that did not 
consume plagioclase, thus allowing the original plagioclase grains to retain their initial 
compositions (for a discussion of the relationship between plagioclase and garnet during 
metamorphism, and the reaction anorthite + annite = garnet + muscovite, see Speer et al, 
1991). At the Camas Prairie transect, the first 15m above the contact are not exposed. 
However, remnant mud chips are preserved 15m above the contact (Plate 9). These mud 
chips have been altered to fine-grained muscovite but their preservation as coherent 
fragments up to 2 cm in length is evidence that a distinct contact aureole above the sill 
did not develop (see "Discussion of basin-wide metamorphism).
There is abundant evidence for strong hydrothermal activity above the sill at the 
Camas Prairie transect. Strongly veined rocks with highly deformed bedding are present
28
29
Plate 8: Photomicrograph (crossed polars) showing the transition, in thin section,
between granophyric texture and metasedimentary texture (upper right) which is 
finer grained and biotite-poor, in a sample from above the sill. Field of view is 
approximately 1 cm.
Plate 9: Photomicrograph (crossed polars) of a mud chip (Dark, center) 15m above the 
sill at the Camas Prairie transect. Field of view is approximately 1 cm.
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for the first 35m above the sill. The veins contain large amounts of tourmaline (10%) and 
biotite (75%). The tourmaline is present as fine pale green needles similar in appearance 
to those found below the sill, although the unusual textures found below the sill are 
absent. The presence of tourmaline is especially important, because any theory as to its 
formation must include a mechanism by which to concentrate boron to very elevated 
levels (see "Origin of the tourmalinite").
Beyond this zone of alteration, the sediments above the sill are similar to those in 
Zone 3 below the sill. Assemblages are similar to those closer to the sill, with the 
addition of garnet and chlorite porphyroblasts. Plagioclase is mostly untwinned, and its 
modal abundance is therefore difficult to determine. Tourmaline is present as blue-green 
to brown pleochroic 0.25mm grains similar to those observed below the sill in zones 1 
and 3. Quartz and biotite grains range from 0.1 to 0.25 mm. Muscovite shows a 
preferred orientation which appears to be a mimetic, rather than deformational, fabric 
(Norwick, 1972), and biotite grains are randomly oriented (Plate 10). One sample 
contains large chlorite porphyroblasts rimmed by biotite, which suggests that the rock 
reached metamorphic grades above the chlorite-gamet stability field. Thermobarometry 
indicates that these rocks were metamorphosed near staurolite isograd for low-Al pelites 
(Speer, 1993, p355). No staurolite is apparent in thin section and thus the reaction garnet 
+ chlorite staurolite + biotite can not be documented.
One texture that is common both above and below the sill is the presence of a 
dark rind which coats many of the samples. Thin section analysis reveals that these rinds 
are biotite and/or tourmaline-rich, with relatively high concentrations of muscovite and 
lower concentrations of quartz than are observed in the rest of the rock. In Zone 3 below
Plate 10: Photomicrograph (plain light) of a typical sample from above the sill beyond 
the hydrothermal zone. An irregularly shaped, dark, garnet porphroblast is in the 
center. Field of view is approximately 1 cm.
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the sill, rinds commonly contain garnet and chlorite porphyroblasts whereas the rest of the 
rock does not. These rinds are both concordant and discordant with respect to layering, 
which indicates that they may have been zones of fluid flow which concentrated mafic 
constituents and allowed the formation of a greater variety of minerals (Plate 10). These 
dark rinds are abundant up to 100m below the contact, beyond which they are less 
common. Similar rinds are found in the Guaymas Basin in the Gulf of California, and 
have been interpreted as remnants of steam vents (Einsele, 1982). In addition, shales in 
the proximity of basaltic intrusions at the Cape Verde Rise exhibit microfissures and 
“rusty areas” representative of mineralization (Simoneit et al, 1978). The pore water in 
hydrothermal systems where mafic sills are emplaced into wet sediment is enriched in 
manganese and boron (Einsele, 1980, Von Damm et al, 1985b). Manganese 
concentration provides an explanation for the nucléation of garnet in these vent remnants.
GEOCHEMICAL EVIDENCE FOR HYDROTHERMAL ALTERATION
Geochemical data suggests that there was strong hydrothermal alteration below 
the sill. Mobile elements such as Rb, K, Ce and Cs scatter widely on primitive mantle 
normalized diagrams of these samples, whereas immobile elements such as Zr, Hf and Th 
plot very coherently, even in zones 1 and 2, where there is strong petrologic evidence of 
hydrothermal alteration (Figure 6A). This is unlikely to be result from variation in 
provenance, since the REE patterns of the metasediments below the sill do not vary 
significantly, with the exception of sample 62A, which is the most hydrothermal altered 
of all the samples (Figure 6B). Rocks from Zone 3, also plotted in Figure 6 A, show signs 
of hydrothermal activity, indicating that circulation continued beyond that part of the 
metasomatic zone which can be identified in thin section. Nevertheless, hydrothermal 
activity, preserved as trace element variation in the sediments, does decrease within 50 
meters below the bottom contact of the sill. This suggests hydrothermal alteration was 
associated with the emplacement of the sill, rather than a massive fluid flow event some 
time after the sill was emplaced.
The metasediments above the sill also preserve geochemical indications of 
hydrothermal circulation (Figure 7A). Petrographically, hydrothermal alteration is 
apparent at the Camas Prairie transect, but is absent at the Flathead River transect. 
However, geochemical analyses indicate that there was substantial fluid flow associated 
with the emplacement of the sill at the Flathead River site as well. This alteration can be 
seen in the strong variation between samples for mobile elements such as Cs, Rb and Ba, 
and the relative coherence of immobile elements such as Th and Pb, although one sample 
(79A) does not plot with the other samples even for "immobile" elements. The coherence
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Figure 6A: Rocks from the Bottom Contact of the Flathead River transect/ Primitive Mantle. 
Note the incoherence of mobile elements such as La, Ce and Nd and the coherence of immobile 
elements such as Zr and Hf. Also note that the incoherence of mobile elements decreases with 
distance from the sill.
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Figure 6B: REE/Chondrite for the rocks below the bottom contact. The relative 
coherence of the plots indicates that hydrothermal circulation, and not provenance 
or depositional variation, caused the incoherence in mobile element plots.
The TREE depletion in 62A may be the result of even more extreme hydrothermal alteration. 
Note that the plots get more coherent with distance from the sill.
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Figure 7A: Upper contact rocks/P.Mantle. Note the relative coherence 
of immobile elements such as Th, and the incoherence of mobile elements such as K and Ba. 
Also note that with increased distance from the sill the level of coherence for all elements 
increases, indicating that these patterns may be associated with hydrothermal circulation 
driven by the sill.
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Figure 7B: REE pattern for the rocks above the upper contact. The relative coherence of 
the plots indicates that the variation in mobile elements seen in Figure 7a is the result 
of hydrothermal alteration and not provenance or depostional processes.
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of the REE patterns from these rocks supports the argument that the incoherence of 
mobile elements on primitive mantle normalized plots is due to a secondary process and 
not a variation in source material or depositional environment (Kerrich and Wyman, 
1996). Figure 7A shows that the mobile element variation between samples decreases 
with distance from the sill, which supports the model o f a hydrothermal event associated 
with sill emplacement and not at a later date.
ORIGIN OF THE TOURMALINITE
Tourmaline-rich rocks have been reported in several locations throughout the 
Prichard/Aldridge formation, including in association with the Sullivan stratiform lead 
zinc deposits o f southwestern British Columbia (Figure 8). The origin of the tourmalinite 
at Sullivan is uncertain. Some workers argue that tourmalinite was not generated by 
circulation associated with the nearby Moyie Sill but rather through prolonged, low 
temperature, fluid migration up a confined hydrothermal vent.(Shaw et al., 1993, Slack, 
1993). However, others suggest that a magmatic pump for hydrothermal circulation is the 
only way to account for the up to 50 million tonnes of boron associated with the orebody 
(Hamilton, 1984). Ethier and Campbell (1977) suggest that a mineralizing gel could 
transport significant amounts of aluminum and could therefore be a medium for the 
precipitation of fine-grained felted tourmaline at the sediment-water interface. According 
to Huebner and Flohr (1990), this would lead to anomalously low REE concentrations in 
the tourmalinites, a pattern which is observed in some but not all the tourmalinites 
associated with the Plains Sill (Figure 9). Although there is no direct evidence for the 
concentration of elements in a gel, it is a likely precursor to many of the tourmalinites 
throughout the Belt Basin (Slack, 1993), and may have played a role in the Plains/Perma 
area. Significant concentration of aluminum is not necessary for the creation of the 
tourmalinites in this study, since tourmaline concentrations are low enough that whole 
rock analyses do not show significant increases in aluminum over non-tourmalinite rocks 
(Figure 10).
In contrast to the tourmalinite associated with the Sullivan orebody, the Plains Sill 
appears to have been the heat pump which drove the migration of briny waters through
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Figure 8;̂  Location o f major tourmalinite occurences in the Belt Basin. After Slack,
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Figure 9: REE pattern for the rocks of Zone 1 and 2, both of which have elevated 
concentrations of tourmaline, either in veins or in the whole rock. Note that only 62A and 79 A 
are depleted in REE,
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Figure 10 - Variation in A1203 through sediments both above and below the sill. 58a-63a are 
in the tourmalinite zone, but show no significant increases in aluminium concentration over 
66A, which is more than 100m below zone 2.
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Prichard members D and E creating tourmaline-rich layers. This assertion is supported by 
the presence of a tourmaline-rich layers both above and below the sill both in the Flathead 
River transect, where the sill was emplaced on the Prichard D/E boundary , and the 
presence of tourmalinite in the Three Lakes Peak area, where the sill was emplaced into 
unit E (Figure 3). The distance of 12 km along strike between these sites makes it 
unlikely that any other mechanism would fortuitously concentrate boron at different 
stratigraphie layers coincident with the sill contacts. Tourmaline is most concentrated 
near the bottom contact and diminishes to trace amounts within 35 meters of the contact, 
although it persists in veins for at least another 70 meters beyond that. Although 
tourmaline is less abundant above the sill, it is present in elevated amounts for 35 meters 
beyond the upper contact. These relative modal abundances also support a model of 
hydrothermal alteration associated with the sill, since circulation below the sill was 
probably slower, allowing the build up of greater concentrations of boron in the pore 
water.
The hydrothermal concentration of boron in pore water near basaltic intrusions 
has been reported in Deep Sea Drilling Projects. Concentrations in heavily sedimented 
spreading centers, such as the Guaymas Basin, are the highest of any type of rift zone, 
ranging between 1570 and 1730 umol/kg (Von Damm et al, 1985b, Cambell et al., 1988). 
In contrast, sediment-poor spreading centers have hydrothermal fluids which are not 
significantly enriched in boron over seawater (Von Damm, 1995). Thus one need not 
accept the Guaymas Basin as a perfect tectonic analogy for the depositional environment 
of the lower Prichard to recognize that the emplacement of basaltic sills into wet sediment
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is correlated with high levels of boron enrichment in hydrothermal solutions, and could 
eventually lead to the concentration of boron in the sediments.
Elevated boron concentrations in sediments will not lead to the nucléation and 
growth of tourmaline until the proper P-T conditions have been attained. Thus boron may 
have been concentrated in clays as a result of sill emplacement but tourmaline may not 
have grown until later burial elevated the geotherm sufficiently to induce tourmaline 
growth. Thus the timing of tourmaline growth remains uncertain. It is possible that the 
fine-grained felted needles of tourmaline grew in a near-surface environment and that 
large tourmaline porphyroblasts grew during later metamorphism.
DEPTH OF EMPLACEMENT
The presence of more than 5% tourmaline in the rocks above the Plains Sill 
provides a possible constraint on the depth of its emplacement. In order to concentrate 
sufficient boron to produce this amount of tourmaline, large amounts of boron-rich water 
must have circulated through the sediments. However, extensive pore water sampling 
indicates that only significant sediment-water interaction can produce boron-rich pore 
waters in rift environments (Von Damm, 1995). It is possible, but unlikely, that the sill 
was emplaced in the middle of a boron-rich horizon. It is more likely that large-scale 
hydrothermal circulation is responsible for the concentration of boron. Geochemical and 
petrologic evidence for hydrothermal activity associated with the sill is presented above. 
If the sill were emplaced at the sediment-water interface, fluids circulating above the sill 
would be in chemical equilibrium with the overlying sea water. Under those 
circumstances, the boron concentration in the water, and consequently in the sediment, 
would not be elevated. However, if the sill were emplaced at sufficient depth so that 
chemical equilibration between the pore water and the overlying sea water did not occur, 
the concentration of boron might be elevated beyond that in sea water. Thus the sill must 
have been emplaced under deep enough sedimentary cover to produce boron-rich pore 
fluids above it. This does not preclude the emplacement of the sill at a depth less than 1.6 
km below the surface, as is predicted by the presence of boiling features, but does suggest 
that the sill was emplaced some distance below the sediment/water interface.
In addition to the evidence presented by Buckley and Sears (1992) and Poage 
(1997), petrologic evidence from the host sediments indicates that the sill was emplaced 
at shallow levels. The presence of very fine-grained mud chips 15m above the sill
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demonstrates that there was not pervasive metamorphism at that distance above the sill at 
the time of emplacement. This can only have been the case if the sill cooled extremely 
quickly. It has been estimated that a 30m thick sill emplaced into shallow sediments will 
drop from 1200 to 400°C in the first five years, if heat is transported by steam (Einsele, 
1980). Although the Plains Sill is larger than this, rapid cooling offers the most 
reasonable explanation for the observations. Further evidence for rapid cooling is the 
absence of an observed contact aureole either above or below the sill. Oxygen isotope 
work on calcite within Im above the 30m thick sill in the Guaymas Basin indicates that 
the maximum temperature reached was wl50°C (Einsele, 1980). Other workers in the 
Guaymas Basin observe that contact metamorphic temperatures associated with shallow 
sill intrusion do not exceed 250°C (Cambell, 1986). This demonstrates the possibility of 
emplacing large mafic sills into sediment without elevating the temperature of the host 
sediments to the level predicted by convective cooling models which do not account for 
the transport of heat by steam, but rather rely on the circulation of a liquid water (cf. 
Norton and Knight, 1977). Thermal models which do account for pore water boiling 
demonstrate that boiling greatly decreases the amount of time necessary to cool an 
igneous body (Cathles, 1977).
If a model of rapid cooling and lack of significant contact metamorphism is valid, 
it must be compatible with the textures and mineralogy of the sill itself. The sill at the 
Flathead River transect consists of approximately 100m of hornblende diabase and 100m 
of granophyre. The diabase is generally medium-grained, with hornblende and 
plagioclase grains up to 2mm in length. The granophyre consists of quartz, plagioclase, 
K-feldspar and biotite grains up to 2mm in length, and small, moderately abundant
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miarolitic cavities. One problem is how a sill which cooled so quickly grew such large 
crystals? One explanation lies in the hydration of the sill. Poage (1997) argued that 
pervasive hydration occurred at the time of emplacement, an argument which is supported 
by evidence of massive hydrothermal activity through the metasediments which host the 
sill. This hydration may have inhibited grain nucléation and fostered rapid diffusion 
thereby permitting the growth of large grains despite rapid cooling. Although this effect 
is well documented by narrow pegmatite dikes it is not commonly invoked for basaltic 
magmas, since they are typically anhydrous.
The presence of the granophyre is also problematic, since its presence requires 
rapid differentiation prior to rapid cooling. Again the explanation may lie in the 
abundance of water. Poage (1997) suggested that large-scale volatile transfer was a likely 
mechanism to produce the granophyre above the Plains Sill. Diffusion of constituents 
may have been enhanced by the hydration of the melt, thereby allowing rapid transfer of 
the most-soluble constituents and extensive differentiation. Evidence for the correlation 
between the presence of water and the differentiation of a granophyric layer can be 
gleaned from the geochronology of the Plains and Paradise sills. The Paradise Sill, an 
undifferentiated hornblende diabase, was emplaced between Prichard units A and B, and 
is therefore stratigraphically 1000m lower than the Plains Sill (Cressman, 1985). Recent 
U-Pb geochronology on igneous zircons date the Plains Sill at 1469±2ma and the 
Paradise Sill at 1457±2ma (Chamberlain and Sears, 1997). Furthermore, U-Pb zircon 
dating of the Purcell Lava, stratigraphically 7-10 km above the Plains Sill, yielded dates 
of 1443 ± 5 ma (Alienkoff, 1996). If the Plains Sill was emplaced near the sediment 
water interface, then the younger Paradise Sill must have been emplaced % 4.6 km below
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the surface, given an average sedimentation rate of % 0.3m/ka. (Alienkoff, 1996). If 
these dates are accurate, emplacement of the Paradise Sill was probably not associated 
with the degree of hydrothermal circulation that accompanied the emplacement of the 
Plains Sill. Although the Paradise Sill also lacks any remnant pyroxene, its hydration 
may not have been thorough enough to allow the diffusion of felsic constituents into a 
granophyric layer. While these arguments are not quantitative, they do help explain the 
inconsistencies between textural observations of the Plains Sill and the model of shallow 
emplacement and rapid cooling suggested by the surrounding sediments.
THERMOBAROMETRY
Two samples below the sill were selected for thermobarometric calculations 
involving the equilibrium between garnet - biotite - muscovite - plagioclase - quartz. A 
backscattered electron image of one of the areas selected for analysis is presented in Plate 
11. In order to obtain equilibrium assemblage compositions, touching garnet and biotite 
rims were analyzed using an SEM/EDS unit. Plagioclase and muscovite analyses were 
obtained from within 1 millimeter of the garnet - biotite assemblage. Analyses of quartz 
grains in the sample showed them to be pure within detection limits. The garnet - biotite 
exchange thermometer and the garnet - biotite - plagioclase - muscovite barometer are 
fluid independent, and thus an assumption of PH20=PTotai was not necessary (Berman, 
1990, Ghent and Stout, 1981). Fluid independence is significant, since De Paoli and 
Pattison (1995) reported Ph20= 0.38 in their study of the metamorphism of the Sullivan 
Orebody, and the Ph2o of metamorphism has not been examined in this study. The biotite 
- muscovite - chlorite - quartz geobarometer was not used, because in some samples 
chlorite was not in equilibrium (c.f.: Powell and Evans, 1983).
In the samples analyzed, garnet is present as inclusion-rich 1mm euhedral 
porphyroblasts. Inclusions consist of quartz and ilmenite. Searches for plagioclase 
inclusions were unsuccessful. Zoning profiles in garnet exhibit similarities predicted by 
Speer et al. (1991) for garnet growth during metamorphism in which pressure and 
temperature both increase (Figure 11). The main difference between the calculated zoning 
profile and the observed zoning profile is that the observed zoning profile does not 
include an increase in the percentage of pyrope towards the rim. This is probably the 
result of the magnesium-poor nature of the metasediments near the sill. The calculations
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Plate 11 : Backscattered electron image of one of the areas selected for SEM/EDS
analysis and use in thermobarometry calculations. Garnet porhpyroblast is in the 
center of the image. More mafic minerals plot as lighter colors.
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Figure 1 la: Garnet zoning profile for garnet from SJP 20.
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Figure 1 lb: Predicted garnet zoning profile for garnet growing in the NCMnKFMASH system 
in assemblage Gt-Bi-Qtz-Plag-Chl-Ms-H20 starting at 500C and 5kbar. The left hand figure 
shows the P-T trajectory, and the right hand figure shows the garnet zoning profile 
predicted for a garnet growing along that P-T path. All figures show zoning from core (left) 
to rim (right). After Speer et al, 1991.
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made by Speer et al (1991) are for garnet growth in a NCMnKFMASH (sodium, calcium, 
manganese, potassium, iron, magnesium, aluminum, silica, water) system consisting of 
gamet-chlorite-biotite-muscovite-quartZ'plagioclase-water. Since this is a very good 
approximation of the system in this study, the similarity between predicted and observed 
zoning profiles supports the assertion that the rocks of the lower Prichard experienced 
metamorphism along a positively sloping P-T path.
Biotite porphyroblasts do not appear compositionally zoned and grains in contact 
with garnet do not show consistent zoning from core to rim (Appendix A). Thus the 
biotite-gamet Fe-Mg exchange upon which thermometry calculations depend had reached 
equilibrium. The structural formulae of all biotites analyzed were computed using a 
three-site model proposed by Circone and Navrotsky (1992) which places Al and Ti in the 
IMl site. Non-ideal mixing corrections between Mg-Fe-Ti and Al are given by Berman 
and Aranovich (1996a).
Plagioclase is fine grained (<40micron) and varies in composition from Ani$ to 
Anso within a single sample. For the purposes of thermobarometry, plagioclase grains in 
contact with garnet were selected for analysis. Nevertheless, some interpretation of the 
variation in anorthite content is appropriate. For P-T trajectories with a positive slope, 
the growth of increasingly calcic garnet is accompanied by the consumption of 
plagioclase, and the remaining plagioclase is more albitic (Speer et al., 1991).
Plagioclase preserved inside chlorite porphyroblasts has an average Xaii=27 whereas 
plagioclase touching garnet averages Xmi^I 8. Thus it is likely that the more albitic 
plagioclase is representative of peak equilibrium conditions, and Anig plagioclase was 
selected for thermobarometric calculations. However, the presence of a single grain of
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Ans suggests that the peristerite solvus may have played a role in determining plagioclase 
compositions, although the estimated temperature of metamorphism suggests that the 
solvus may have been important only upon cooling (Figure 12).
Plagioclase composition provides the only pressure constraint in these 
calculations. Therefore the uncertainty in the pressure estimates may be greater than the 
uncertainty associated with the thermobarometric calculations themselves. A measure of 
this uncertainty is the range in pressures associated with varying the anorthite content of 
the plagioclase between observed limits. The results of that variation are presented in 
Figure 13a. It should be noted that the tightest pressure-temperature curve intersections 
occur when Anig plagioclase is included in the calculation. As shown in Figure 13b, 
Higher Xmi values also lead to more poorly constrained P-T estimates. Although this 
does not prove that An i g is the equilibrium plagioclase composition, it does add credence 
to the argument that the more albitic composition is representative of peak metamorphic 
conditions.
Thermobarometry calculations were carried out using TWQ 2.02 software of 
Berman (1991, 1990, 1988). Solution models for biotite and garnet are described by 
Berman and Aranovich (1996), for plagioclase by Fuhrman and Lindsley (1988) and for 
muscovite by Chatterjee and Froese (1975). This calibration was chosen because it 
requires internal consistency of the data base and because other studies of 
stratigraphically equivalent rocks employed the same computer program to compute 
temperatures using garnet - biotite exchange thermometry (De Paoli and Pattison, 1995). 
Internally consistent thermometers and barometers often produce the best available 
constraints on estimates of pressure and temperature (Speer, 1993, p535). The results of
54
Figure 12: Binary phase diagram for the albite-anothite solid solution. The Peristerite 
solyus/miscibility gap is shaded on the left side of the diagram. After Smith, 
1975.
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Figure 13a: Plot o f Pressure vs Temperature for varying % An. %An=15 gives the highest 
P-T estimate, and %An=30 gives the lowest P-T estimate. Going from left to right, %An 
increases by 1 % between each point.
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Figure 13b: Plot o f error estimates associated with P-T calculations using varying %An. 
Highest error estimates for both pressure and temperature result from higher %An values. 
%An ranges from %An=l 5 at the lower left o f the plot, to %An=30 at the top right o f the plot. 
Reading from left to right, %An increase by 1% between points.
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Thermobarometric analyses are presented in Figure 14. The intersections calculated by 
TWEEQU yield estimates of T = 631 ± 11 °C and P = 5.3 ±0.1 kbar for one sample and 
T= 633 ± 36°C and P = 5.4 ± 0.1 kbar for another. These error estimations are based on 
the imperfect intersection of individual reaction lines in P-T space, and does not include 
the many uncertainties associated with imperfect thermodynamic data for various 
minerals (Appendix D). Thus the uncertainties presented above should be taken as 
minimum values.
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Figure 14a: TWQ202 plot of P-T conditions for SJP13. Calculated intersection at 
T = 631 ± 11 °C and P = 5.3 ± 0.1 kbar.
Reactions: Left side of equations are stable on high temperature side of the curve.
1) Gr+2Pg+3 aQ tz = 3An+2Ab+2H20 2) Ann+2Pg +3aQtz = Ms+Alm+2Ab+2H20
3) Phl+Alm =Ann+Py 4) Ms+Gr+Alm = Ann+3An
5) 2Pg+Phl+3aQtz = Py+Ms+2Ab+2H20 6) Py+Ms+Gr = 3An+PhI
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Figure 14b: TWQ202 plot o f P-T conditions for SJP21. Calculated intersection at 
T = 633 ± 36 °C and P = 5.4 ± 0.5 kbar.
Reactions: Left side o f equations are stable on high temperature side o f the curve.
1) Gri-2Pg+3 aQ tz = 3An+2Ab+2H20 2) Ann+2Pg +3aQ tz = Ms+Alm+2Ab+2H20
3) Phl+Alm =Ann+Py 4) Ms+Gr+Alm = Ann+3An
5) 2Pg+Phl+3aQtz = Py+Ms+2Ab+2H20 6) Py+Ms+Gr = 3An+Phl
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DISCUSSION OF BASIN WIDE METAMORPHISM
Thermobarometry suggests that the lower Prichard in the area of Plains and 
Perma, Montana, was subject to metamorphic conditions which recorded peak 
temperatures and pressures of 630°C and 5.3 kbar. This estimate is greater than that 
attained for the metamorphism of the Sullivan orebody, and similar to that determined 
for the pre-1370ma metamorphism of the Yellowjacket Formation in east-central Idaho 
(De Paoli and Pattison, 1995, Doughty and Chamberlain, 1996). This estimate, however, 
infers the existence of an elevated geothermal gradient. Assuming an average crustal 
density of 2.7g/cm^, 5.3 kbar of pressure corresponds to a lithostatic load of 21 km.
This corresponds to an average geothermal gradient of « 30°C/km. De Paoli and Pattison 
(1995) estimate a pressure of 3.8 kbar (using the assemblage Gt-Bi-Ms-Chl-Cal-Qtz) 
temperature of 450°C (using Gt-Bi exchange thermometry), which implies a geothermal 
gradient of 31.4°C/km. Calculations based on heat flow and inferred thermal conductivity 
calculations predict a geotherm of 30°C/km (Norwick, 1972). The similarity in 
calculated geothermal gradient based on Norwick's and De Paoli and Pattison’s estimates 
of pressure and temperature and that arrived at in this study increases confidence in the 
results, because. Respectively, their pressure estimates come from different methods and 
different mineral assemblages than those in this study.
This calculated geothermal gradient requires some explanation, since it is higher 
than those found in many sedimentary basins. Two models have been considered as 
possible explanation for these observations. One possibility is that the emplacement of 
the sills of the lower Prichard created a low-pressure metamorphic belt which enveloped
59
60
the Belt Basin (cf. De Yoreo et al, 1991). The volume of magma present in the lower 
Prichard (up to 30% of the stratigraphie sequence) could provide enough heat to cause the 
observed P-T regime, even if there was complete cooling between intrusions (Hanson and 
Barton, 1989). Magmatic heating has been invoked to explain the high temperatures 
associated with the migmatites observed in the Yellowjacket Formation (Doughty and 
Chamberlain, 1996). A second explanation is that the Lower Prichard experienced burial 
metamorphism at some time after the emplacement of the sills, and that the elevated 
geotherm resulted from a rifting or magmatic event, accompanied by lithospheric 
thinning, sometime after most of the Belt Supergroup had been deposited (cf. De Yoreo 
et al, 1991). A third is that the Belt Basin formed over an asteroid impact site, on top of 
basalt lava lake that formed by pressure relief melting upon impact (cf. Alt et al, 1989).
In this model, the cooling and shrinking of the lava lake could provide a site for the 
accumulation of Belt sediments and a source of heat for the elevated geotherm in the 
overlying sediments.
While the creation of a low-pressure metamorphic belt by magma emplacement at 
shallow levels is possible, geologic constraints disqualify the sills of the lower Prichard as 
a heat source for the observed metamorphism. Recent SHRIMP dating of the Purcell 
Lava flows in the upper Middle Belt Carbonate give U-Pb zircon dates of 1443±5ma 
(Aleinikoff, 1996). Approximately 10 km of sediments separate the stratigraphie level of 
the Plains Sill and the Purcell Lava (Winston and Link, 1993). If the Plains Sill were 
emplaced into wet sediment at 1469ma (Chamberlain and Sears, 1997), metamorphism 
must have occurred after 1443ma, since pressure estimates require an overburden of at 
least 11km of sediment during metamorphism (Figure 15). Later magmatic intrusions
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Figure 15: Simplified stratigraphie column through the Belt Supergroup, 
indicating the ages and thicknesses of the units discussed in the text. After 
Winston and Link, 1993.
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may have caused elevation of the geotherm, but they are not observed in or sufficiently 
near the area of study.
Rifting events may also cause elevated geotherms and resulting high T low P 
metamorphism. Cressman (1989) points out that if the entire Belt Supergroup were 
deposited as a result of a single rifting event, crustal thinning alone could not produce a 
basin sizable enough to host the Belt sequence. However, the emplacement of mafic 
magma at depth could provide a sink for the basin (Alt et al, 1989, Buckley and Sears, 
1992). Continued rifting and isostatic mantle upwelling could produce an elevated 
geotherm. Wickham and Oxburgh (1985) report geothermal gradients as high as 80- 
100°C/km associated with Tertiary continental rifting in the Pyrenees, and drilling the 
Salton Sea has documented biotite-grade metamorphism at as little as 2.5 km below the 
sediment/water interface (Elders and Sass, 1988). These extreme geothermal gradients 
can not continue to depth without wholesale melting of the crust, but such results do 
provide support for an assertion that geothermal gradients calculated in this study are not 
geologically unreasonable given plausible tectonic settings of the Belt Basin.
There is increasing evidence that the Belt Basin was a site of a continental rift. 
Isotopic analysis of several of the Moyie Sills suggests continental contamination, and 
therefore that the Belt Basin overlay continental crust during the earliest stages of 
deposition (Anderson and Davis, 1995, Hoy, 1989). It has been suggested that during 
deposition the basin floor evolved to include dominantly basement rocks by 1370ma 
(Doughty and Chamberlain, 1996), although this later date does not take into account the 
work of Alienkoff (1996) who reports that most of the Belt Supergroup was deposited 
before 1443ma. This date implies sedimentation rates of «0.2 and »0.4m/ky, which is an
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order of magnitude greater than young rift basins such as the Gulf of California (Einsele 
and Niemitz, 1982), but similar to that in the central Red Sea (Almogi-Labin et al, 1991).
A model of asteroid impact followed by gabbroic intrusion and Belt deposition 
(Alt et al, 1989) would account for the heightened geotherm in the same way that a rifting 
event would, elevating the heat flux from below the basin. For this reason these two 
models are indistinguishable in terms of the metamorphism they produce. However, a 
gabbroic layered intrusion has never been shown to exist below the Belt Basin, and 
therefore the asteroid impact model remains to be tested. The emplacement of a large 
basaltic sill below an area of continental crustal extension has also been proposed to 
explain the high geothermal gradients observed in Tertiary rocks from the Pyrenees 
(Wickham and Oxburg, 1985, 1987). It is important, however, that this model is not 
incompatible with an event which significantly postdates the emplacement of the sills.
CONCLUSION:
The model presented above suggests that a two-stage process influenced the 
Proterozoic metamorphic history of the lower Prichard Formation. First, the shallow 
emplacement of mafic sills produced locally intense contact metasomatism. Second, the 
sediments of the lower Prichard were subsequently metamorphosed at temperatures and 
pressures which reached 630°C and 5.3 kbar. Thermobarometric evidence strongly 
supports a Norwick's (1972) model of burial metamorphism of the lower Prichard 
sediments. The pressure associated with this metamorphism indicates that the sediments 
of the lower Prichard reached peak metamorphic conditions after the deposition of all of 
the overlying Belt sediments. Garnet zoning profiles indicate that the lower Prichard 
sediments were metamorphosed over a positively sloping P-T path. This is the type of 
path which would be expected during burial metamorphism. The timing of this 
metamorphism is constrained by the work of Aleinkoff (1996), which suggests that at 
1443 ma only 7-10km of sedimentary load overlay the rock in this study. Thus peak 
metamorphism probably occurred after this date.
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Appendix A: SEM/EDS Analyses
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Ba obo 0 0 0 boo 0 00 0 00 0.00 boo 0 00 0 00 0 0 0 obo 0 00 0 00 0 ob b 00 0 00
Zn 0.00 0.00 0 00 obo boo obo 0.00 0 00 bob 0.00 0.00 6.00 0 0 0 0.00 0 0 0 0 00
Cl 0.00 0.00 0.00 bbo 0 00 0.00 obo 0.00 0.00 0.00 bbo 0 0 0 boo 0 00 0 0 0 0 0 0
C ations 7.98 8 03 800 8.04 7 98 8.03 8.00 8.01 8.01 8.05 7.99 864 803 8.00 8.03 8 05
% P yrope 0.05 0.05 0 05 0.06 006 0.06 b 05 0b5 0.05 0.06 0 05 0 06 0.05 0 05 0.06 0 06
% A lm andine 0.75 0 75 b 76 0.75 0.74 0.74 0.74 0 73 0.73 0 73 0.74 0 75 6.75 0.75 0.75 0.75
% S p e ss 0 16 b 16 0 16 0 16 b 17 0.17 0 17 0 17 0 18 0.17 0.17 6 16 0 16 0 16 0 16 0.15
% G rossu lar 0.04 0.03 0.03 0.03 0.04 0.04 0 04 0Ô4 b04 0.04 0 04 0 03 003 0 03 0 03 0 04
Fe/Fe+M g 0.94 0.94 0.94 0.93 0.93 0.93 0.94 093 093 0 93 0.93 0 93 0.93 0 93 0 92 0.92
TRAVERSE OF GARNI
1
BT IN s j p :20
MICRONS 
Wt % oxide
0
Rim
25 50 75 166 “  I2 5
Core
l5 0 175 200 225 250
Rim
3102 3637 37 20 37.59 37 33 3222 35744 37.12 36.89 37 66 38.01 37.46
A1203 ~2à.B2 20.69 26.95 2635 20.75 Ï9:62 20.58 26.52 21.05 21.19 20.96
TI02 0.00 o.6o 0.66 030 0.00 0.06 0.00 6.00 0.00 0.00 0.00
MgO 0.98 672 î 23 0 91 131 0.94 0.93 1.Ï2 0.89 1.02 0.99
FeO 37.19 36.48 37.42 37 13 36.82 “ 36.90 37.11 37.42 37.56 37 24 37.03
MnO 4.45 4.76 4.42 4.55 434 4.41 4 53 4.46 ' 4.30 4.58 4 53
CaO 1.34 Ï.Ï6 i 06 1.11 1.46 ï 23 1 Ï6 Ï.17 1.10 1.21 1.25
Na20 0 00 030 0.39 0.06 0.66 0.32 0.00 6.06 6:60 6.00 0 28
K2Ô 0.00 6.00 0.06 6 00 000 0.00 0.00 0.66 0.60 030 6.06
BaO 0.00 0.00 0.00 6.00 000 0.00 0.00 0.00 0.06 “ 0.06 6.66
ZnO OÔO 0.00 6.60 0.60 0.00 0.00 0.00 0.06 0.00 000 0.00
à  _ 0.00 0.00 030 030 o.qo 6.00 0.00 0.60 0.00 “ o.qo 000
Total % 101.76 J01.02 103.06 Ï 6 i ^ 1 0 1 5 3 98.85 îql.43 161.58 102 50 _IlÔ3.25 102.50
Stoichiometry 0=12 0=12 0=12 0=12 0=12 0=12 6=12 6=12 0=12 6=12 0=12
Si 2.99 3.02 3.00 331 3.01 2.97 3.01 2.99 3.01 3.01 3,00
Al 1.98 1.98 î 97 137 1.98 1.94 1.97 1.96 1.98 1 98 1.98
Ti 0.00 0.00 0.00 0.60 6.66 6.60 6.00 0.00 6.66 0.00 0.00
Mg 0.12 0.09 6 15 0.11 6.12 612 0.1Î 0.14 6.11 0 12 0.12
Fe 2.51 248 249 2.51 2.49 259 2.51 2.54 2 51 2.47 2.48
Mn 0.31 0.33 6.30 6.31 0 36 6.31 0.31 0.31 029 0.31 0.31
Ca 6.12 0.10 039 O.ÏO 0.12 0 .Î1 0.10 6 10 0.16 0.10 0.11
Na O.OÔ 0.00 006 6.06 6:66 0.05 030 0.00 6:06 0.00 0.04
K O.OÔ 6.00 0.60 0.06 0.06 6.60 030 6.00 6.60 0.00 0.60
Ba 0.00 0.00 0.06 0.00 0.00 0.60 0.00 0.00 0.00 0.00 0.00
Zn 0.00 6.00 6.06 0.00 6.00 0.06 6.60 0.00 0.00 0.60 0.00
CI 6:00 0.00 6.06 6.66 030 0 00 0.60 6.00 030 030 0.06
Total 8.03 7.99 “ 805 8.01 8.02 8.09 832 8,04 8.00 7.99 8.04
%Py 0.04 6.03 0.05 0.04 0.04 0.04 0.04 0 04 0.04 0.04 0.04
%Alm 0.82 6.83 0.82 683 6.82 083 0.83 0.82 0.83 0.82 0.82
%Sp 0.10 0.11 6.10 0.10 010 0.10 6.Ï6 0.10 0.10 0.10 6.10
%Gr 0.04 0.03 033 0.03 6.04 0.04 0.03 0.03 0.03 0.03 0.04
Fe/Fe+Mg 0.96 0.97 0.94 0.96 6.95 0.96 0.96 0.95 0.96 0.95 0.95
o
TRAVER SE OFGARNETIN POD OF SJP20 --- . . —  . . ----- —........... — ---- —
MICRONS 0 % 180 270 360 “ 450 540 63b 720 “  810 9bb - -
% Oxide Rim Core
Si 36 76 36 91 36 85 37 25 37 18 “37 32 37 44 37 77 37 11 37 14 37 21
AI 2Ô56 2067 2080 20 99 2077 20 76 20 60 2b 84 20 94 2049 2064
Ti 000 0 00 0.00 0.00 0.00 00 0 0 00 OOO 00 0 00 0 00 0
Mg Ï bo 0 95 “ 0 98 1 00 082 1 10 0 93 078 09 6 1 04 09 5
Fe 36 63 36 59 36 38 36 54 3593 35.53 35 09 34 40 34 01 3399 33 54
Mn 46 0 4 70 483 4 97 5 26 548 614 6 69 7.22 735 724
Ca 137 1 33 1 38 139 1 35 1 29 1 45 140 1 36 " i 30 1 57
Na oo b bo b b  00 0 00 0.00 00 0 obo OOO bo o 0 00 0 00
K 00 0 0 00 oob 0 00 000 0 00 0 00 0.00 OOO OOO 00 0
Ba 0.00 0 00 000 0 0 0 0 00 00 0 OOO 0 00 0 00 OOO 0 00
Zn 0 00 00 0 0 00 00 0 0.00 0 00 000 OOO 00 0 0.00 00 0
Cl 0 ^ 0 00 ao o 0 00 _aoo _ 0W 0 % OOO 0 M q q q 0 %
Total 100% i b i i 5 T q l?T ~  102.14 ~ibT30 101 48 ~  101 M l o i  87 l ï ÿ  M ib i  32 “i“b i l 4
—
Formula 0=12 0=12 0=12 5=12 0 ^ 2 0=12 0=12 0=12 0=12 5 1 2 5=12 5=
Si 300 300 299 300 301 3 02 l b l 3 03 3 bo 302 301
AI 198 198 199 2.00 198 1 98 197 197 1 99 1 97 ““ 1 97
Ti bo o 0 00 000 0 00 b oo 0 00 “ 0 00 0 00 0 00 OOO OOO
Mg . . 0 12 0,11 0 12 0 12 0.10 013 O il o b9 o i T 012 0 11
Fe 2"49 24 8 2 47 2 45 2 43 2 39 236 2 31 2 30 2 31 2 27
Mn 0 32 032 0 33 0.34 0 36 0 37 0 42 0.45 0 49 05 0 05 b
Ca b 12 0 12 012 0 12 0 12 O il b 12 012 012 0 11 01 4
Na bo o bo b 00 0 00 0 0 00 o b b 000 0 01 bo o o o b ob b
K b o b oo b 0 00 0.00 0 00 b o b 0 00 0 00 00 0 001 00 0
Ba 0 00 ob b "  ̂  0 00 0 00 001 ob o 0.00 OOO b b o OOO oo o
Zn 000 oo o oo b 0 00 0 00 ob b ob b OOO ob o oo o 0 00
Cl boo oq o oo b 00 0 1 0 00 o q q oqq qqq qq q ^ q q q o q
Cations 8 02 801 8 03 80 3 8.02 8 01 8 01 7 99 802 8 04 8 q i
004 004 0.04 0 04 0 03 0 04 0 04 003 004 b04 004
%Alm 082 082 081 081 081 0 80 0 78 078 0 76 07 6 07 5
%Sp b ib O il O il 0 11 012 0 12 0 14 015 016 0 17 0 16
%Gr ob4 0Ô4 0 04 00 4 ob4 0 04 0.04 004 004 004 00 5
Fe/Fe+Mq " 0 95 0 96 0,95 b 9 5 0 96 b 95 096 0 96 095 09 5 b.95
-
iq sq 11 ^ 1260 1350 1440 I53q 1620 1710
Rim
37 14 37 26 3735 37 58 37 23 37 37 37 06 37 30 37 39
20.50 2b65 20 96 2b 8b 21 is 20 78 21 02 2b 9b 21 29
OOO 000 000 000 0.00 0 00 boo 0 00 oob
1 00 0.9b 102 090 i 19 0 93 105 0 98 0 81
3386 34 17 34 82 35 91 36 be 36 56 36 29 37 07 36 77
6 92 6 73 6 29 539 494 4 89 479 46 0 491
1 52 1 31 123 1 45 131 1 44 1 51 1 39 1 59
OOO bob 0 00 obo 00 0 bbb oob obo obo
OOO 000 0 00 obo 00 0 00 0 00 0 obo bob
0 0 0 obo 0 00 0 00 00 0 00 0 000 boo boo
obo 0.00 0 00 0 00 00 0 00 0 00 0 oob 000
qqq 0 00 0.00 qqq qqq qqq qqq 0 00 qqq
l o b  92 iq v ï i ib ïq 7 “ 102 03 19191 i q i  96 10172 iq2 23 iq2 75
=12 5=12 0 = 1 2 2 ^ 5=12 5=12 0=12 5=12 “ 5 =12“ 5=12
301 3 b i 3 02 3 02 2 99 ^  302 2 99 30b 299
■ 1 96 1 97 1 99 1 97 2 b l 1 97 200 i 98 2 0 i
0 01 000 0 00 0 00 0 00 boo 000 boo 000
0 12 012 012 O il 0 14 b i i 013 0 12 b ib
2 29 331 234 2 41 2 43 246 2 45 2 49 2 46
" 047 0 46 0 43 037 0 34 0 33 033 0 31 0 33
013 O il O il 0 12 O il 012 b 13 b 12 b 14
000 bob 0 00 “ obb bbo obb oob boo bob
000 boo 0 00 000 000 oob obo 00 0 bob
obo 000 001 boo bbo 00 0 bbb 0 00 00 0
000 00 0 0 00 000 000 bbo 000 0 01 000
bqb qqo oqq qoq o b i bob obb oqq bob
qqq 799 qq2 799 8q3 801 8 01 8 02 802
b 04 004 b 04 004 0 05 004 004 bÔ4 00 3
0 76 077 078 080 0 8Ô b 8 i 0 81 0 82 0 81
0 16 b i5 014 012 b 11 o i l 0 11 0 lb o i l
0 04 0Ô4 ob4 b04 bb4 004 004 0 04 00 5
095 0 95 095 b96 0 94 0 96 0 95 09 6 b96
TRAVERSE OF GARN ETIN SJP21 ____
MICRON 0 20 40 60 80 100 300 7. 320 7  420 440 520 540 560 580 600 620 640 660 680 700 780 800 820
Oxide % Rim Core Rim
Si 37 74 35 89 37 75 37 14 36 91 36.75 “  ' 3T0Î Too 16 37 62 37 41 37 33 36^98 36 81 36 68 3 7 â 37 19 3750 37 21 37 63 37 31 38 31 37 20 37 73
ÀI 2111 2032 21 22 20 80 2063 2b 66 20 57 0 85 2066 2083 20 74 2085 20 60 2058 2b 70 2087 20 65 20 82 20 94 20 74 21 31 20 66 21 15
TI 000 000 000 oob 000 boo 000 000 000 0 00 000 000 0.00 0.00 000 oob 000 boo bob boo 0 00 0 00 0 00
Mg 1 16 1 23 1 09 1 13 1Æ 129 125 0.07 1 24 1 25 7 t 13 1.20 128 1 22 1 16 1 29 1 26 1 00 1 14 1 22 i 25 1 18
Fe 35 02 3552 3555 34 97 35 25 35.03 34 08 ^ P 33.94 3374 3352 34 05 33.80 33 76 33 89 34 o f 33 76 33 99 3382 34 04 34 49 35 14 35 13
Mn 5 49 543 5 50 556 5 55 552 628 0.36 6.65 700 7 02 6 86 693 672 697 687 6 63 6 50 672 6 42 6 14 5 89 5 97
Ca i 46 . 1:26 . .  1:26 1 31 1 33 1 24 136 008 1 51 152 1 39 1 42 128 1.31 1 34 1 32 1 21 1 26 1 23 1 25 1 22 1 25 1 27
Na Ô00 0 39 000 0 35 031 034 000 002 0 00 031 0.00 boo 033 0 30 037 0 30 0 31 b32 000 000 000 obo 000K boo obo oob 000 obo 0 00 OOO 000 000 0 00 000 0 00 0 00 0 00 OOO 000 oob 000 000 obb 0 00 0 00 0 bb
Ba 000 boo boo obb 0 00 0 00 o o b 0 00 o ob 0 00 obo 000 000 000 0.00 oob 000 000 obb boo bbo boo 000
Zn boo obb boo 000 0 00 0.00 0 00 b07 006 000 000 000 000 000 000 0 00 0 00 bob 000 000 obo oob 000
Cl bob 0 00 OM 000 0 00 0 00 OOO 003 ____ 001 OOP 000 0 00 APP p o p OOP pop ppp bob p pp p w bob obo 000
Tola! 10198 100 04 102~37 10126 101 18 100.83 ~ibb.55 ibb74 f i b i ^ Ï02 08 ÏP Ï25 1 p 1 ^ lb0 93 ipo.83 lb l 71 ip 178 1 ^  M ip 137 101.33 100 69 102 69 101 39 102 43
Formula 0=12 0=12 0=12 0=12 " 0=12 0=12 0=12 0=12 o iT b 0=12 0=12 0=12 0=12 0=12 0=12 ”  ” 0=12 0=12“ 0=12 0=12 0=12 0=12 6=12 0=12
Si” .... 3 02 2-96 - ? i i 300 2 99 2 99 301 589 302 3 00 3 01 2 99 2.99 30b 3 00 '2  99 ‘ 3 02 300 3 02 362 3 03 3 00 361
Ai 1 99 _L?8 2.00 -- .7 -1 9 8 1.97 1 99 _ - J  97“ 006 1 96 _  197 -197 ., 199 1 97 1 97 1 97 1 98 1.96 1 98 1 98 1 98 199 1 96 Î 99
Ti boo 000 0.00 000 0 00 000 000 000 000 000 000 000 000 000 000 boo obo bbo 000 boo boo boo oob
Ma 0 14 0 15 PJ-3 .0  14 . ^15 0 16 A 1 J 001 0.15 0 15 0 15 -P J4 0 15 0 15 0.15 014 0 15 0 15 b 12 0 14 0 14 0 15 b 14
Fe 2 34 245 -  2 37 236 239 :  208 2 32 o ib 228 2 % 226 1 3 0 230 229 229 2 29 2 28 230 228 2 30 2 29 2 38 2 34
Mn 0 37 038 037 0 38 0 38 038 043 002 045 048 0 48 047 0 48 0.46 048 047 0 45 Ô45 0 46 0 44 b41 0 40 0 40
Ca 0 13 O il O il O il 0 12 O il P12 0.01 0 13 P13 a i j - 0,12 - -  PJ1 0.11 0.12 0 1Î 011 0 11 0 11 O il 0 10 O il 0 11
Na bbb 006 obb 0 05 0 05 005 OOOj 0 00 000 005 000 000 0.05 005 006 065 065 0 05 000 obo bbb boo 000
k b o i 000 000 000 oob obo 0 00 0 00 000 000 obo 000 boo 000 000 000 0 00 boo 000 0 00 000 bbo 000
B ; 000 oob boo obo oob 000 o bo 000 000 0 00 000 000 000 000 000 0.00 0 00 000 oob 000 060 boo 000
Zn 000 000 " 0 00 000 000 000 000 obb 0 00 obo obo obo obo 000 000 000 060 obo bbb 000 000 obb obo
Cl 000 boo poo 0 00 000 ^ 0 0 o bo OOP 0 00 0 00 pop po p ppp p M 000 000 000 000 pop 000 b 00 oob 000
Calioiis BOO 809 800 8 04 8 05 805 801 6.10 8 00 804 app A PI 8 ^ 8 05 i p e 804 8 03 8 04 7 97 7 99 7 97 801 7 98
%Py 0 05 005 b04 0 05 b 05 0 05 0.05 0 05 b 05 b 05 b05 0 05 005 005 005 005 0 05 0 05 004 0 05 0 05 0 05 0 05
%AI Ô79 079 080 0 79 079 079 P 77 p78 b 76 0 75 0 75 0.76 0 76 076 076 076 0 76 076 077 0 77 0 78 0 78 0 78
%sp 0 12 ^ 1 2 p i i 0 13 013 0 13 0 14 0 13 b 15 016 b 16 P:15 0 16 P15 0 16 0 16 0 15 015 0 15 0 15 0 14 0 13 0 13
%Gr 004 004 004 004 004 004 b.04 0 04 0 04 004 0b4 0.04 0 04 004 b.04 004 b04 004 0 04 0 04 004 004 0 04
Fe/Fe+Mo 094 094 095 0 95 0 94 094 0 94 0 94 0 94 094 094 094 094 094 0 94 094 b94 0 94 095 0 94 0 94 094 0 94
71
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BIOTITE N  SJP20 1 ■ ' ' 1!
Descript. Touchlna Garnet Touchin a Garnet Groundmass ■ ! ■ - - 1 GrouncImass 1
1
Groundmass
% Oxide Rim Middle Core Rim Core Rim Center Rim Core
SI 34.94 35.11 35.01 35.62 35.11 35.41 1 3585 38.15 ' 36.27 35.38
AI 18.93 19.45 19.33 19.66 19.37 1957 1 19760 18.84 19.73 19.66
Ti 2.12 1.99 1.99 2.04 2.21 2.58 ! 1.86 1.81 1.90 2.08
Mg 5.08 5.40 5.21 5.61 5.92 5.07 5.63 5.82 5 7 5 6.01
Fe 26.67 26.42 26.24 26.35 2 6 5 0 26.44 26.02 25.88 25.46 2 5 7 0
Mn 6.13 6.00 0.00 0.16 0.00 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.00 0.00 0.30 0.00 0.00 0.00 0.00
Na 0.00 0.30 0.53 0.00 0.37 0.63 0.00 0.41 6.31 0.42
K 8.39 8.35 8.28 8.32 7.94 8.03 8.28 8.14 8.36 8.32
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0 0 0.00
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 0 0 0.00 o.6o
Cl 0.05 0.00 0.00 o m 0.00 0.05 q.oo o q o 0.00 0.06
Total 96.31 97.02 96.59 97.75 97.43 98.07 96.64 99.05 97.78 97.63
Formula 0=11.0 0=11 0 0=11.0 0=11.0 0=11.6 0=11.0 0=11.0 0=11.0 0=11.0 0=11.0
Si 2.7 2.7 2.7 2.7 2.7 2.69 2.8 2.8 2.7 2.7
AI 1.7 1.8 1.8 1.8 1.7 1.75 1.7 1.6 1.8 1.8
Ti 0.1 0.1 0.1 0.1 0.1 0.15 0.1 0.1 0.1 0.1
Mg 0.6 0.6 0.6 0.6 0.7 0.57 0.6 0.6 0.6 0.7
Fe 1.7 1.7 1 7l 1.7 1.7 1.68 1.7 1.6 1.6 1.6
Mn 0.0 0.0 0.0 0.0 0.0 0.00 0.0 0.0 0.0 0.0
Ca 0.0 0.0 0.0 0.0 0.0 0.02 0.0 0.0 0.0 0.0
Na 0.0 0.0 0.1 0.0 0.1 0.09 0.0 0.1 6.0 0.1
K 0.8 0.8 0.8 0.8 0.8 0.78 0.8 0.8 6.8 6.8
Ba 0.0 0.0 0.0 0.0 0.0 0.00 0.0 0.0 6.0 0.0
Zn 0.0 0.0 0.0 0.0 0.0 0.00 0.0 0.0 0.0 0.0
Cl 0.0 0.0 0.0 0.0 - - 0.0 ' o.6i 0.0 0.0 6.6 0.0
7.7 ____ 7.7 7.8
- - - -
1 1
....................- -  .
7.7 7.74 7.7 7.7 7.7 7.8
Fe/Mg+Fe 0.84 0.83 0.83 0.82 0.82 0.84 0.82 0 82 0 82 0.81
m
B IO T IT E  1>4 S JP 2 1 1
1
D escrip tion T o u ch in a G a rn e t in Chlorite In C hlorite In C hlorite In C hlorite
-
G roundrr a s s
1
G ro u n d m a ss G ro u n d m a ss
%  O xide C o re Rim C ore Rim C o re  ^ Rim C ore Rim
Si 35.61 /  34  87 35 .06 36.41 3 5 .5 3 36 .50J 3 5 .3 6  ̂ 35 .55 35 .47 35 .69 34 .92 35 .9 6
Al 18 .42 18 65 18.77 2 0 .0 6 19 .27 19 .53 18.98 19.02 18.50 19.22 18 .85 18 .55
Ti ï  63 1.63 1.77 1 .73 1 .79 2.01 1.74 1 85 1.72 i .7 9 1 6 2 1.54
Mg 6 .2 7 6 .1 4 7 15 6 .92 6  98 6  94 ’ '  6 .5 8 6  93 6 .5 3 6.761 6 .5 4 6 5 0
F e 2 4 .9 8 2 5  32 23.71 22 92 2 3 .3 2 2 3 .6 3 24.61 2 4 6 5 2 4 .38 23 96 2 3 .45 2 1 .2 4
Mn 0 .0 0 0 .0 0 6 18 0  14 6.6o o.6o 0 0 0 0 .0 0 6.6o o.6o oo6 0 .0 0
C a OOÔ 6 :1 3 0 .00 6 .0 0 o.6o 0 .1 3 o.o6 6 oo 0 .0 0 0 0 0 0 .0 0 0 .0 0
Na 0 .0 0 O.OÔ 0 .35 6 :00 0 3 4 0 .5 6 0 .37 0 4 1 6 .4 0 0 .38 6.31 0 .5 0
K 8 .1 6 8 .0 8 8 .67 8 :56 8 .1 9 8 .24 8 64 8 .0 4 8 .1 7 8.31 8.15 8 .1 9
B a 0 .0 0 0 .0 0 6.o6 6 .0 0 0 .0 0 66o 0 .0 0 0 .0 0 0 .0 0 o.6o oo6 0 .0 0
Zn ô .b ô 0 .0 0 0 .66 0 .2 6 0 .0 0 0 .0 0 0 .0 0 o6o 0 .6 6 0 .00 0 .00 0 0 0
Cl 0 .0 0 0 .0 0 0 .00 0.Ô6 0 0 0 0  00 "  0 00 6 .0 0 0 .0 0 6  00 0 .00 0 .0 0
T otal 9 5 .0 6 9 4 .2 2 95 .05 97 00 95.41 9 7 .5 4
_ 95 §8 9 6 .4 6 9 5 .17 96 .05 9 3 .83 9 2 4 9
Form ula 0 = 1 1 .0 0 = 1 1  6 0 = 1 1 .0 0 = 1 1 .0 0 = 1 1 .0 0 = 1 1 .0 0 = 1 1 .0 0 = 1 1 .0 0 = 1 1 .0 0 = 1 1 .0 0 = 1 1 .0 0 = 1 1 .0
Si 2  77 2 .7 5 2.71 2 .74 2 .7 3 2 .7 4 '  2 7 3 2 .7 2 2 7 5 2 .7 3 2 .74 2 .82
Al 1 .69 i .68 1.71 1.78 1.74 1.73 1.72 1.71 1.69 1.73 1.74 1.72
Ti 0 .1 0 0 .1 0 0 .1 0 0 .1 0 6 10 O i l 6.16 6.11 0 .1 0 0 .1 0 0 .1 0 0 .0 9
Mg 6 .7 3 0 .7 2 0 .8 3 6 78 6 :8 6 6 .7 8 0  76 0 .7 9 0 .7 5 0 .7 6 0 .7 6 0 .7 6
F e ï  62 1 6 7 1.54 1.44 1 50 1 .48 1.59 1 58 1.58 1 53 1 54 1 39
Mn 0 .0 0 o.6o 0.01 0.01 0 .00 0 .0 0 0 .0 0 0 0 1 0 .00 0 .0 0 0 .0 0 0 .0 0
C a 6 .0 0 6 .6 l 0 .0 0 0 .0 0 6 .00 0.01 6 .0 0 6 .0 0 0 .0 0 6  00 0 0 0 0 .0 0
Na 0 .0 0 0 .0 0 6 .6 5 0 .0 0 0 .65 6 .0 8 6 .0 6 6 .0 6 0 .0 6 0 .0 6 0 .0 5 6 .0 8
K 0.81 0.81 0 .8 0 0 .82 6 .8 6 0 .7 9 0 .7 9 0 .7 8 0.81 0.81 0 .82 0 .82
B a 0 .0 0 ô:o6 6 .0 0 6 .6 6 . 0 .00 o.o6 6 .0 0 oo6 0 .0 0 6 .0 0 o.6o 6 .0 0
Zn 0 .6 6 0 .0 0 6 .0 0 o.6i 0 .0 0 o.o6 o.o6 o6o 0 .0 0 6 .0 0 0 .0 0 0 .0 0
Cl 0 .0 0 6 .6 6 0 .0 0 6.01 0 0 0 o.qo
--
0 .0 0 oqq 0 .0 0 0 .0 0 0 .0 0 6 .0 0
7.71 7 .7 4 7 .7 5 7 .6 9 7 .72 7 .7 3 7 .74 7 .7 6 7 .7 4 7 .7 4 7 .74 7 .6 9
PLAGIOCLASE IN SJP 13 j 1
descfipt. Touching Garnet Touching Garnet Touching Garnet Touching Garnet Groundmass
I
I Groundmass Groundmass Groundmass Groundmass Groundmass
%Oxide Core Rim Rim
Si 65.44 64 98 62 27 64 34 64.26 63.41 6576 6581 64 88 60 12 62 83 65 48
AI 2257 2257 2477 23 58 24.27 24 45 22.93 22.97 23.12 24.55 2368 23 08
Ti 0.00 obb obb obo oob b o o boo 000 000 boo 000 0 00
Mg 00 0 0.00 000 boo 0.00 0.00 00 0 b o o 0 00 obo 000 bob
Fe 0.Ô0 0.14 0.40 0.17 0.00 0.00 0 00 0 00 0 13 oob bbo 028
Mn 0.11 0.00 0.00 0.00 0 00 b o o bbo obb boo obo bbo 0 00
Ca 3.24 338 567 480 48 7 5 33 375 3 56 3.89 624 487 3 66
Na 9.92 9.92 8:54 9.06 9.37 9.12 9.83 10 19 971 821 928 9.81
K bbo obo 014 0 00 obo boo 0 00 0.00 000 bob 0.09 0.00
Ba 0 0 0 0.00 0.00 0.00 obb obb b.boT 000 boo boo bbo 0.00
Zn oob 0.00 0.00 bob 0.00 obo boo 00 0 oob bob oob boo
Cl obo
- -  -
0.00 0.00 q ^ 000 0.00 0.00 00 0 o.qo 007 007 oqq
Total 1 0 1 ^ ________fob.99 iqf:78
- -
~  101 95 - 10277 102b o 10227 102.53 101.72 99 18 iq0 83 10232
Formula 0 = 8  0
—
o ^ . b 0= 8.0
------------
6=“3 0 - - 0 = 8 b 6= 8 0 0= 8 .0 0=8.0 0= 8 0 0 = 8  0 0= 8.0 0 = 8 0
Si 2.85 284 2.72 279 2 77 2.75 2 83 2 83 2 82 Z70 2 77 2 83
AI 1.16 1.16 1 28 1 21 1 23 1.25 1 17 1 17 1 18 i 30 1 23 1 17
Ti obo 0 00 00 0 0.00 boo boo bbo 000 oob obo 0.00 boo
Mg 0 00 0 00 000 0.00 obo ooo 000 obb 000 bbo obo 000
Fe 0 0 0 0.01 0.02 001 00 0 obo boo bob 001 0 00 000 001
Mn oob obo 0.00 oob bob 00 0 00 0 0.00 b oo 000 boo obo
Ca 0 15 0.16 b.27 022 0 23 025 0 17 016 018 030 0 23 017
Na 0 84 084 0.72 07 6 0.78 077 082 085 b82 0.72 0.79 0 82
k b oo 00 0 o b i bbo 00 0 0.00 0 00 0 00 0 0 0 oob 001 0.00
Ba b o o obo 0.00 boo obb bob 0 0 0 0 0 0 obb 0 0 0 bob bbb
Zn bbo boo 0.00 boo 0.00 obb 0 00 00 0 000 bob 0 0 0 obo
Cl q.oo oqq bog oqo q w q w b(w qqq q.oo 001 0.01 o.qo
5.00 5.00 501 4.99 “  5 02 502 5.00 5 03 5.01 5 03 504 501
PLAGIOCLASE IN SJP21
D escrip tion
%  O xide
SI
AÎ
Ti
Mg
F e
Mn
C a
N a
K
B a
Zn
01
F o rm u la
Si
AI
Ti
Mg
F e
Mn
C a
N a
K
Ba
Zn
c i
T ota l C a tio n s
T ouch ing  G a rn e t
-6 5 7 4
2 3 .0 5
0.00
obo
0 ,1 6
bob
3 .74  
1 0 0 3  
0.00 
bob  
oob  
'  0.00
0=8
102.71
2 .8 3  
1 17
b.oo
00 0
001
bob
O l 7
0 .84
b.oo
oob
0.00
bob
5 0 1
T ouch ing  G a rn e t In C hlorite In C hlorite G ro u n d m a ss
'
-
G ro u n d m a ss G ro u n d m a ss G ro u n d m a ss
1
G ro u n d m a ss  | G ro u n d m a ss
69.56
.
6165 61.52 -- 61.81 63.87 62.76 63 96 62.81 61.90
2Ô52 24.15 24.60 24.51 23.20 22.99 23.45 22.00 22.94
b.oo bX)0 0.00 "b.oo 000 b.oo bob 0.00 0.00
0.00 0.00 0.00 0.00 bbo oob obb 0.00 boo
028 0.28 b.22 0 16 0.00 0.00 0.24 0.94 0.43
0.00 b.oo 0.00 0.00 0.00 oob b o o 0.00 0.00
0.57 5 .55 6.13 589 4.33 4.51 448 3.33 5 18
11.95 8.64 8.25 8.46 9.27 9.48 9 .5 9 9 .5 9 8 4 0
0.00 obb bbb 0 00 o'bb bob 000 0.32 0 00
0.00 0.00 b.oo 0.00 0.00 0.00 bob oob 0.00
oob 0.00 b.oo b.oo bbo b.oo bbb bbb 0.00
bbb 0.00 bob aoo obo 0.00 0.00 0.00 b.oo
102.87 — 100.26 100 71 10a83 100 68 99.74 101 73 98 98 9885
0=8 0=8 0=8 0=8 0 = 8  0 0= 8.0 0=8 0=8 0=8
2 96 2.73 2.71 2.72 2 80 2.79 278 2.82 2.78
1.03 1.26 1.28 1.27 1.2b 1.20 1.20 i.l6 1 21
bbo b.oo b.oo 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 bob obb bob 000 obb boo 0.00
0.01 b o i 0.01 0 0Ï 0.00 0.00 0.01 b.03 b.02
oob bbo obo obo b.oo 0.00 obo obo 0.00
0.03 0.26 0.29 0.28 0.20 022 0.21 0.16 0 25
0 99 0.74 b.7i b.72 b.79 b.82 0.81 0.83 0.73
oob bob b.oo obb 0 00 b.oo 0.00 0.02 0.00
0.00 obo 000 0.00 0.00 0.00 0.00 boo obo
obb bob oob boo 0.00 oob 0 00 0.00 0.00
bob bob bbo 000 obo 0.00 obb 0.00 0.00
502 5.01 5.00 5.01 s.bb 5.03 5.02 5.03 4.99
M u s c o v n 'E IN SJP 13
Description Touching Garnet Groundmass Groundmas Groundmass Groundmass Groundmass Groundmass
Core Rim
% Oxide
Si 46.322 46 12 45.96 46.295 46.062 48.055 48.105 46.381
AI 36.114 35.108 36.026 35.741 35.325 36.183 37.178 35.964
Ti 0.163 "0.379 0.424 Ô.178 0.322 0.297 0.215 0.281
Mg 0.357 0.552 0.524 0.587 0 56 0.745 0.524 0.507
Fe 1.112 Î.243 f  148 1.095 1.289 1.303 1.205 1.109
Mn 0 0 0 0 d 0 0 0
Ca 0 0 0 d 0.112 0 0 0
Na 1 131 0.969 1.236 1.Î0Î 1 369 1 179 1.219 1.086
K 8.793 9.13 9.294 9.16 8438 9.229 9.437 9.185
Ba 0.477 0.233 0 0415 0 0.339 0.317 0.225
Zn 0 6 0 0 0 0 0 0
Cl 0 0.Ô73 0.045 0.077 d 0 0 0
Total 94.469 93.807 94.657 94.649 93.477 97.33 98.2 94.738
Formula 0=1170 0=11.0 0=11.0 0=11.0 0=110 0=11.0 0=11.0 0=11.0
Si 3.09 3.104 " 3 062 3.089 3.094 3.109 3.089 3.084
AI 2.84 2.785 2.829 2.811 2.797 2.76 2.814 2.819
Ti 0.0Ô8 0.019 0 021 0.009 0 016 0.014 0.01 0.014
Mg 0.035 0.055 Ô 052 0.058 0.056 0.072 0.05 0.05
Fe 0.062 0.07 0.064 0.061 0.072 d.071 0.065 0.062
Mn 0 0 0 0 d 0.002 0 0.001
Ca 0.004 Ô 0 0.002 0.008 d.002 o.ooi 0
Na 0.146 0.127 0.16 0.142 d 178 0.148 0.152 0.14
K 0.747 Ô784 0.79 0.78 0.723 0.762 0 773 0.779
Ba 0.012 0.006 0 0.011 0.004 0.009 0.008 0.006
Zn 0 0 0 0.002 0 0.004 0 0
Cl 0 0.011 0.007 0.011 0.001 0 0 0.003
Total Cation 6.944 6.961 6.985 6.976 6.949 6.953 6.962 6.958
MUSCOVITE IN SJP20
„
Desciption Touctiing Garnet Groundmass Groundmass Groundmass Groundmass
%Oxide
---
- —  - - - ................................ —  -
Si 47.95 49 36 47.55 47.48 47.74
AI 35.06 35.01 37.46 36.60 37.10
Ti 0.19 0.28 0.00 Ô.22 0.21
Mg 0.76 0.65 0.40 0.50 0.21
Fe 1.93 1.63 1.43 1.57 1.69
Mn 0.Ô0 0.00 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.00 0.00
Na 0.76 0.78 0.94 " 0.80 0.87
K 9.65 9.45 9.84 9.88 9.41
Ba 0.00 0.24 0.34 0.28 0.33
Zn 0.00 0.00 0.00 0.00 0.00
Cl 0.0Ô 0.00 0.00 0.00 0.00
Total 96.29 97.40 97.96 97.32 97.55
Formula 0=11.0 0=11.0 0=11.0 0=11 0=11.0
Si 3.14 3.19 3.07 3.09 3.09
AI 2 71 2.67 2.85 2.80 2.83
Ti 0.01 0.01 0.00 0.01 0.01
Mg 0.07 0.06 0.04 0.05 0.02
Fe 0.11 0.09 0.08 0.09 0.09
Mn 0 00 0.Ô0 0.00 0.Ô0 0.00
Ca 0.00 0.00 0.00 0.00 ÔOÔ
Na 0.10 ÔÏO 0.12 0.10 0.11
K 081 0.78 b.81 0.82 078
Ba 0.00" 0:01 0.01 0.01 0.01
Zn 0 00 0.00 0.00 0.01 obo
Cl 0 00
- ■ -  -
0:00 0.00 0.00 0.00
Total Cation 6.95
— 6̂ 91 6.97 6.97 6.93
MUSCOVITE IN sJP21 1 - 1
Description Touching Garnet Touching Chlorite Groundmass iGroundmass Groundmass
% Oxide I
Si 46.64 44 86 46.77 46.41 47.86
A I 33.80 35.71 34.07 34.91 34.92
Ti 0.16 000 0.27 0.24 0.32
Mg 0.61 0.47 0 67 0.68 0.91
Fe Ï.50 1.27 1.39 T50 i.66
Mn 000 0.00 0.00 0.00 000
Ca Ô.1Ï 0.00 0:00 O.ÏÏ 0.00
Na 077 0.98 0.89 0.77 d.74
K  ' 9 22 9.40 9.41 9.31 9.78
Ba 0.24 0.36 0.22 0.21 0.27
Zn 0.00 0.00 0.00 0  d o 0.00
01 0.0Ô 0.00 -. _ 0.Ô0 0.00 0.00
Total 93.03 93.04 93.69 94.15 96.45
Formula 0=11.0 0=11.0 0=11.0 0=11.0 0=11.0
Si 3.16 3.05 3.15 3.11 3.14
A I 2 70 2.86 2:71 2.76 2.70
Ti 0.01 Ô.00 0.01 0.01 0.02
Mg 0.06 0.05 0.07 007 d.09
Fe 0.09 007 0.08 0.08 d.09
Mn d ' o o 5.00 0.00 0.00 0.00
Ca 0.01 0.00 0.00 0.01 0.00
Na 0.10 0.13 0 12 o . i o 0.09
K 080 0.82 0.81 0 80 0.82
Ba 0:01 0.5Ï 0.01 0.01 0.01
Zn 0.00 o . d o 0.00 0 00 0.00
Cl 000 0.Ô0 0.00 0.00 d . o o
Total Cations 6.93 6.99
-  -
6.95 6.95 6.96
CHLORITE INSJP21
Description Core Core Core Core Rim Rim Rim
% oxide -
Si 23.46 24.56 23.28 23.96 23.84 24.39 23769
AI 22.37 22.92 21.84 22.33 22.93 22.31 22.11
Ti 0.00 0 00 0 00 6.19 6.24 000 0 00
Mg 9.44 10.06 9.51 9.66 10.00 10.61 9:86
Fe 32.20 31.69 3Ï.80 31 57 32.05 31.22 31.52
Mn 0.22 0 18 023 0 17 0.22 0.00 6:o6
Ca 0 00 0.00 0.00 0.00 0.00 000 6.6o
Na 0.00 0.35 0.37 6.66 0 00 6.6o 0.00
K 0.00 0.00 0.00 0 00 0.00 0.09 0.00
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 6.00 o.6o o“6o o:6o 0.00
01 0.00 0.00 0.05 o.o6 ‘ 0.00 0.05 6.6o
87.69 89.76 87.08 87.87 89.28 88.06 87.11
Formula 0=7 0 = 7 .0 0=7.0 0=  7.0 0= 7.0 0= 7.0 0= 7.0
Si 1.29 1.31 L29 1.30 1.28 1.32 130
AI 1.45 1.44 1 43 1.43 1.45 1.42 1.43
Ti 0:00 Ô.00 b o o 0.01 0.01 0.00 0.00
Mg 0.77 0.8Ô 079 0.78 6:80 0:81 0.80
Fe 1.47 Î.41 1.47 Ï.44 1.44 1.41 Ï.44
Mn 0 01 0.01 6 01 0.01 001 0.00 6.00
Ca 0.00 0.00 0.00 6o6 6.6o 0.00 0.00
Na 0.Ô0 0.04 0.04 0.00 6.66 0.00 0:00
K 6.00 6.00' 0.00 0.00 6:o6 0.01 0.00
Ba 0 00 000 0 00 6 6o 6 66 6.00 0.00
Zn 0.00 0.00 0.00 0.00 0 66 o.6o ooo
Cl 0.00 6.Ô0 6.01 0.00
_
o.6o o.6i 0 00
Total Cations 4.99 4.99 5.04 4.97 499 4.97 4.97
T O U R M /iLINE IN SJP20
Descript. Groundmass Groundmass Groundmass Groundmass Groundmass
% Oxide
Si 35701 35.667 36.193 “  36.863 36.693
AI 32.81 32.936 34.802 34491 33.142
Ti 0.718 0.977 6.231 6.529 0.276
Mg 4.009 3.8Ô5 3 6Î4 3.455 4.298
Fe 9 327 9.635 9.693 10.046 ” 10.465
Mn 0 Ô 0 0 6
Ca 0.256 0.202 0.203 0.21 0.241
Na 1.845 Î.701 1.888 1871 2.1
K 0 0 0 “ 0 0
Ba 0
_
0 0 6
Zn 0 0 0 0 0
Cl 0 0 0 0 6
Total 84.666 84.923 86.024 87.405 87.215
Formula 0=19 0=19 0=19 0=19 0=19
Si 4.64 4.62 4.62 4.63 4.65
AI 5.02 5.03 5.23 5.11 4.96
Ti 0.07 0.10 0.02 6.05 0.63
Mg 0.78 0.73 0.57 0.65 0.81
Fe 1.01 1.05 1.03 1.66 1.11
Mn 0.Ô0 00 Ï 0.00 0.00 001
Ca 0.04 6.03 0.03 0.03 0.03
Na 0:47 0.43 0.47 0.46 6.52
K 0.00 0.00 0.00 0.00 0.01
Ba 0.00 0.00 0.00 0.00 0.00
Zn 0.00 0.00 0.01 002 0.00
Cl 0.Ô0 0.00 o.6o 0.00 0.01
Cations 12.02 11.99 11.98 12.00 12.13
Appendix B: Data From Chemical Analyses
81
82
1 ■■■ '  ' --------- 1--------- ^ ,--------- i--------- ,-----------:----------;--------------
SAMPLE UNITS 58A 59A 60A 61A 62A 63A 64A 65A 66A 67A 68A 69A 70A 72A
1 -------------------- ,---------- ,----------- --------- ---------- --------- 1--------- i-----------1---------- 1--------------
XRF i ---------- i ; I ■■ i  ! ; -  1 : 1
Si02 % 68,7 64.5 65.3 67 66 74.7 67.9' 77.4 701 53 51.2 51.8! 62.7 68.1
Ti02 % 0.5 0.672 0.709 0.584 0.626 0.365; 0.698 0.423 0.637 0.953 0.917 0.825 1.41 0.849
A1203 % 13.8 16.9 18 16 14.9 11.9 16.6 11.7 15.2 142 13.5 13.9 12.9 11.7
Fe203 % 6 6.14 4.49 5.21 6.74: 1.26 4.53 2.88 46 11.5 13.7 11.6 11.3 9.49
MnO % 0.08 0.07 0.04 0.04 0.06 0 0.06 0.03 0.04 0.2 0.23 0.21 0,12 0.09
MrO % 1.6 1.641 1.25 1.41 1.62 0.35 1.06 0.62 1.11 6.65 699 7.5 137' 0 8
CaO % 1.35 0.92 0.78 1.79| 0.451 0.68 0.13 0.4 0.71 9.87 9 94 9.98 4 03 1.66
K20 % 3.7| 4.66 4.99 1.85 2.21 0.78 4.32 1.81 3.59 0.31 026 0.44 2.14 2.54
Na20 % 1.92 1.7 1.54 4.98 5.66; 6.46 2.07 3.4 1.83 1.79 1.51 1.71 2.76 3.18
P205 % 0.44 0.13i 0.05 0.05 0.06 0.12 0.06 i 0.05 0.07 0.09 0.08 0.07 0.19 0.19
LOI % 1.5 2 2.1 0.85 0,75 2.85 2.05! 1.1 1.8 0.8 0.8 0.85 0.75 0.6
SUM % 99.7 99.6 99.5 99.9 99.2 99.5 99.6 99.9 99.7 99.4 99.2 99 99.8 99.3
1 ! 1
CR PPM 0 0 0 0 0 0 0 0 0 0 0 0.03 0 0
BA PPM 760 1410 1710 637 663 240 799 448 709 116 61 176 447 436
RB PPM 147 161 143 73 85 35 165 103 190 16 -10 29 80 93
SR PPM 91 76 72 156 651 89 45 119 116 114 69 97 135 123
Y PPM 42 22 20 33 18 32 25 27 37 30 20! 22 48 59
ZR PPM 220 231 234 223 2671 242 387 329 257 81 73 i 64 226 318
NB PPM 10 14 15 13 15 12 17 10 12: 0 0 0 12 13
].. : ! : : ! '
ICPMS 1 i : :
Ti PPM 2773 3825 4032 3315 3547 2204 4167 2307 3192'5708 5092 4350 7677 4956
Cr PPM 34 50 52 38 42 26 47 23 39 143 133 175 4
Co PPM 19.87 17.54 13 18.23 17.49 4.01 14.03 9.23 14.13 51.37 52.92 55.1 29.51 22.02
M PPM 22.93 17.34 14.53 17.21 25.55 7.87 15.33 7.81 16.24 69.38 69.84 89.6 1.72 0.85
Cu PPM 3.28 39.35 23.09 4.13 2.18 4.59 2.7 5.09 18.32 150 29.9 174.18 24.98 6.21
Zn PPM 75.36 81.97 61.08 57.42 48.51 34.95 57.43 46.89 87.21 116.1 125 103.57 64.7 393.35
i i 1 i 1 ;
Sc PPM 12.24 15.38 16.3 12.12 13.63 6.4 14.53 7.351 13.54 51.34 51.63 52.7 33.46 20.28
y PPM 75.58 79.6 81.65 62.4 69.39 27.81 66.05 28.72 61.64 340.5 365.3 329.35 98.93 7.66
Cs PPM 2.86 3.45 2.79 3.51 2.62 0.77 4.25 4.7 9.33 2.65 1.04 3.51 3.98 8.21
Ba PPM 766.6 1514 1781 639 690 205.4 813.98 464.3 729 58.99 31.73 151.32 441.6 436.22
Rb PPM 145.5 161.7llil.P 66.28 77.8 31.55 148.45 102.5 185.3 8.01 3.97 25.05 762 98.21
Sr PPM 87.5 73.65 68.04 142.8 44.01 70.23 39.05 109.8 119.2 114.5 71.54 10693 135.8 130.62
V PPM 38.21 19.56 17.04 26.88 12.9 25.69 19.65 23.73 26.58 16.81 19.5 15.01 42.22 51.07
Zr PPM 203.9 213.5 206.6 210.4 246.45 173.12 393.7 272.5 237.61 70.41 76.14 53.64 225.2 304.36
Hf PPM 5.68 6.65 6.47 5.35 5.9 4.16 9.18 5.84 5.61 2.51 2.37 1.8 6.54 7.9
Nb PPM 13.21 16.55 17.43 15.37 14.93 10.65 18.93 10.29 16.88 5.2 4.38 4.4 14.21 18.56
Ta PPM 0.94 1.05 1.13 0.93 0.93 0.62 1.23 0.74 1.07 0.31 0.29 0.24 0.94 1.07
! ' ; i : : : : i : '
La PPM 24.47 20.88 15.36 41.87 2.51 28.25 21.79 16.11 16.67 8.5 8.06 6.2 25.32 30.15
Ce PPM 39.63 56.12 47.97 86 3.77 60.19 95.81 31.71 46.76 19.28 18.84 14.87 58.84 68.48
Pr PPM 6.63 5.64 4.72 10.32 0.72 7.35 6.17 4.51 4.64 2.47 2.45 1.98 7.45 8.63
Nd PPM 24.77 21.37 17.51 38.48 2.96 27.71 23.09 16.49 17.54 11.06 10.49 8.21 29.74 35.1
Sm PPM 5.39 4.37 3.8 7.43 0.95 5.44 4.47 3.34 3.62 2.95 2.8 2.21 7.19 8.74
Eu PPM 0.86 0.93 0.67 1.29 0.13 0.75 0.69 0.63 0.68 0.88 0.86 0.76 1.75 1.76
Gd PPM 4.39 3.66 3 5.42 1.02 4.42 3.23 2.73 3.3 3.19 3.18 2.72 7.32 8.59
Tb PPM 0.83 0.59 0.53 0.92 0.23 0.7 0.58 0.49 0.65 0.55 0.58 0.49 1.25 1.57
Dy PPM 5.7 3.59 3.35 5.35 1.86 4.51 3.54 3.27 4.49 3.67 3.87 3.17 7.87 9.99
Ho PPM 1.31 0.78 0.74 1.12 0.49 0.97 0.74 0.77 1.03 0.79 0.83 0.67 1.71 2.08
Er PPM 4.33 2.42 2.33 3.34 1.74 2.8 2.35 2.31 3.13 2.24 2.34 1.88 4.85 5.82
Tm PPM 0.78 0.41 0.42 0,49 0.32 0.44 0.42 0.42 0.55 0.34 0.32 0.29 0.73 0.88
Yb PPM 5.14 3.1 3.21 3.61 2.42 3.03 3.54 2.75 3.61 2.17 2.29 1.78 4.9 5.69
Lu PPM 0.68 0.47 0.52 0.44 0.32 0.38 0.49 0.38 0.45 0.31 0.31 0.26 0.69 0.71
TI PPM 0.49 0.48 o.3r 0.34 0.3 0.1 0.54 0.5 0.89 T 0.04 0.07 0.23 0.35
Pb PPM 13.23 14.76 14.98 20.98 7.14 16.19 10.22̂ 9.59 26.64 7.7 8.17 6.15 7.78 13.8
Th PPM 13.61 15.5 16.8 11.92 12.11 9.87 15.681 9.77 14.51 2.33 2.34 1.72 8.68 9.73
U PPM 0.63 0.63 0.71 0.72 0.85 1 M j 1.02 0.43 0.75 0.34 0.35 0.23 1.13 1.07
: ! ! !
Li PPM 24.44 26.22 19.92 21.54 21.71 6.9 22.06 13.04 29.7 8.75 13.01 14.62 19.36 19.76
Mo PPM 0.3 0.3 0.29 .0.82 0.25 0.36 0.34 0.38 0.38 0.12 0.1 1.6 0.48 0.22
Bi PPM 0.07 0.07 0.07 0.28 0.12 0.19 0.14 0.27 0.36 0.22 0.13 0.15 0.24 0.3
P iPPM 1984 585 231 154 206 526 279 112 246 388 419 305 969 845
PPM 0.16 0.11 0.16 0.21 0.22 0.18 0.23 0.16 0.25 0.09 0.06 0.08 0.15 0.18
Sn PPM 2.36 3.31 3.8 1.22 1 2.17 4.48̂ 2.11 3.18 1.22 2.14 1.14 1.84 1.32
Sb PPM 0.14 0.18 0.28 0.28 0.26 0.41 0.32 0.23 0.25 0.9 0.91 1.18 0.4 0.28
W PPM 1.73 3.76 4.67 1.23 1.3 1.6 3.48 1.13 2.47 0.43 0.44 0.35 0.62 0.24
Cd PPM 0 0 0 0.06 0.07 0.05 0.01 0.1 0.05 0.03 0.27 0.18 0.16 0.07
Note: ICPMS data in bold w ith data  derived from acid digestion in italics
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I ; .
73 A l?4A 75A 76A P77A 78A 79A 80A 81A 82A 83A 84A
1 1 --------- ------------------------------ -------------- i--------------
-------------- ---------------!---------------;------------ 1 1 1 . : ! '
75.3 76.8 68.3 66.6 75.6 75 83.7 80.3 81.5 78.2 79.4 68.3
0.489 0447 0.913 0.928 0491 0.581 0349 0.469 0.44 0.5 0,421 0.668
10.8 11.3 12.3 13.6 11.7 ..... 8.39 9.63 9 8 10,7 101 16.3
4.67 3.98 8.87 8.47 3.39 4.08 1.51 215 1.98 3.11 3 08: 4 79
0.04 0.03 0.09 0.06 0.02 0.02 -0.01 0.01 -0.01 0.03 0.24 0.06
0.14 0.27 0.75 1.31 0.53 0.73 0.37 0.47 0.46 0.75 0.591 1.16
1.75 0.28 1.23 1.68 1.36 0.83 0.4 j 0.46 0.5 0.62 2.68 1.02
0.74 0.69 2.46 2.51 1.66 1.62 0.53 0.81 0.64 0.62 1 0.55 • 3.75
4.57 5.35 3.05 3.29 3 3.61 3.75 3.66 3.65 4.48 1.51 2.04
o .or 0.06 i 0.2 0.2 0.12 0.08 003 0.06 006 0 05 0.09 0.04
0.25 0.5 1 0.8 1.15 0.95 0.4 0,6 0.75 0.6 1.15 1.45
98.9 99.8 99.3 996 99.2 99.5 99.5 98.7 99.9 99.8 r  99.8 99.8
; 1 : i 1
0 0 0 0 0 0 0 0 _o 0 0 u . . .  0
231 118 7481 615 768 563 1531 232 175 1991 130 864
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13 16 10 12 12 16 11 12 ^  12 16 0 11
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2839 2538 4788 \ 5617 2742 3328 1813 2631 2493 2880 2153 4056
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6 23 23: 7 19 28 24 28 32 38
10.21 9.02 21.14 22.9 9.2 11.36 3.85 7.28 5.55 9.5 8.83 14.92
0.59 1.3 2.17 6.5T 5.54 2.36 2.97 5.92 6.04 6.92 9.12 13.13
3.83 4.93 5.38 11.76 12.56 14.01 2.03 1.97 1.94 3.42 48.55 7.9
42.1 85.85 87.1 82.77 25.89 55.1 15.47 30.51 22.06 53.19 46.98 89.07
\ i
11.59 11.21 22.07 19.72 9.81 16.38 7.86 8.51 9.9 9.68 1Î.07 15.92
1.81 1.44 28.43 39.63 29.22 11.85 18.53 35.58 29.54 53.3 40.6 59.86
1.57 1.38 2.46 \ 3.76 0.87 1.4 0.44 0.45 0.44 0.62 2.59 7.34
224.21 77.6 736.79 611.88 789.91 579.35 122.39 213.56 161.41 165.06 121.99 998.35
15.84 14.46 74.29 80.35 47.64 39.83 16.48 26.93 23.08 27.38 38.93 177.75
125.14 18.81 106.45 84.63 148.93 67.82 20.92 35.77 54.79 30.25 189.68 162.1
55.47 70.79 31.12 37.01 34.88 42.06 22.71 44.23 33.92 26.1 61.1 23.36
297.04 361.34 258.67 246.95 276.59 365.91 156.54 681.19 429.94 342.34 172.02 256.03
6.91 8.78 7.92 6.86 5.78 8.54 3.78 9.95 8.91 7.87 4.49 6.99
15.94 17.91 17.04 16.98 12.48 16.48 9.18 11.13 12.37 12.25 9.78 13.97
0.95 1.11 1.02 1.02 0.71 0.98 0.65 0.71 0.79 0.78 0.71 0.8
i
25.84 63.29 23.9 38.09 30.3 36.59 15.19 39.61 23.36 17.11 29.65 27.89
62.06 131.58 74.27 78.89 70.97 76.78 33.6 85.2 54.74 40.72 65.89 66.54
7.59 14.8 6.48 9.33 8.65 9.17 4.17 9.81 6 .59I 4.57 8 7.31
32.38 57.31 25.56 36.88 33.83 36.46 16.47 37.75 24.7 17.37 32.68 29.17
8.24 12.66 5.68 7.69 7.67 7.66 3.36 7.74 5.29 3.76 8.7 5.6
1.79 2.4 0.98 1.28 1.54 1.48 0.73 1.42 1.26 0.7 1.71 1.05
8.25 11.65 5.33 7.16 6.2 6.73 3.18 6.16 4.66 3.61 9.11 4.67
1.59 2.19 0.92 1.14 1.13 1.15 0.54 1.14 0.81 0.65 1.58 0.75
10.3 14.09 6.26 7.35 6.67 7.56 3.81 6.73 5.08 4.15 10.25 4.78
2.25 2.89 1.32 1.52 1.35 1.541 0.86 1.35 1.17 0.9 2.12 0.95
6.48 7.98 3,94 4.45 3.8 4.45 2.65 3.8 3.45 2.64 6.4 2.82
0.95 1.14 0.61 0.7 0.57 0.71 0.4 0.56 0.54 0.42 1.06 0.48
6.11 6.92 4.26 4.71 3.7 4.74 2.76 3.71 3.8 2.8 6.72 3.56
0.72 0.82 0.61 0.63 0.42 0.62 0.38 0.41 0.55 0.41 0.86 0.52
0.1 0.09 0.32 0.25 0.14 0.12 0.06 0.03 0.08 0.06 0.19 0.7
14.4 23.17 18.02 12.33 10.63 9.17 7.08 12.25 14.27 16.88 20.48 27.63
9.81 12.25 10.91 10.54 8.79 13.85 7.93 11.14 13.05 11.54 8.31 11.84
1.04 0.9 0.95 1.06 1.18 0.86 0.17 0.66 0.68 0.65 0.78 0.63
1 i ' i 1 1
7.78 10.75 22.24 19.19 10.05 11.79 5.71 7.16 6.73 \ 8.73 14.04 25.41
0.22 0.18 0.51 0.29 0.29 0.22 0.24 0.19 0.24 0.53 0.18 0.25
0.29 1.68 0.22 0.15 0.09 0.13 0.09 0.07 0.12 0.06 0.58 0.28
247 296 873 942 530 426 125 227 298 206̂ 363̂ 201
0.09 0.15 0.21 0.15 0.05 0.05 0.03 0.04 0.04 0.09 0.04 0.24
1.62 1.28 2.56 2.01 1.65 1.2 1.93 2.59 2.2 1.4 1.15 3.11
0.27 0.17 0.21 0.12 0.18 0.23 0.28 0.32 0.5 0.27 0.58 0.36
0.21 0.23 0.68 0.89 0.83 0.76 1.17 0.91 1.37 1.88 0.39 2.82
0.03 0.08 0.21 0.05 0.04 0 0 0.07 0.07 0 0.11 0
:
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SAMPLE 58A 59A 60A 61A 62A 63A 64A 65A 66A
(Nb/Nb*)pm 0.33 0.79 1.32 0.28 3.33 0.30 1.42i 0.47 1.06
(P/P*)pm 1.03 0.30 0.14 0.07 1.27 0.23 0.11 0.17 0.20
(Zr/Zr*)pm 1.22 1.53 1.75 0.86 10.17 0.98 2.68 2.54 2.06
(Hf/Hf*)pm 1.23 1.73 1.99 0.79 8.83 0.85 2.27 1.97 1.77
{Ti/Ti*)pm 0.28 0.45 0.57 0.25 1.59 0.20 0.51 0.38 0.48
(La/Yb)cn 3.30 4.66 3.31 8.03 0.72 6.46 4.26 4.06 3.20
(La/Sm)cn 2.85 2.99 2.53 3.53 1.66 3.25 3.06 3.02 2.89
(Gd/Yb)cn 0.71 0.98 0.77 1.24 0.35 1.21 0.75 0.82 0.76
Ti/ZR 13.63 17.44 18.16 15.70 14.06 9.04 10.81 7.71 ^ . 8 6
Ti/Zr 14.70 18.87 20.58 16.64; 15.23 12.64 10.63 9.30 16.07
Zr/Hf 35.89 32.11 31.93 39.33| 41.77 41.62 42.89 46.67 42.35
(La/Y)cn 4.26 7.10 5.99 10.35 1.29 7.31 7.37 4.51 4.17
(Tb/Yb)cn 0.72 0.85 0.74 1.14 0.43 1.03 0.73 0.80 0.81
(Tb/Y)cn 0.93 1.30 1.34 1.47 0.77 1.17 1.27 0.89 1.05
(Eu/Eu*)cn 0.54 0.71 0.60 0.62 0.40 0.46 0.55 0.63 ^  0.60
La/Nb 1.85 1.26 0.88 2.72 0.17 2.65 " 1.15 1.57 0.99
Th/Nb 1.03 0.94 0.96 0.78 0.81 0.93 0.83 0.95 0.86
Th/La 0.56 0.74 1.09 0.28 4.82 0.35 " 0.72 0.61 0.87
Zr/Y 5.33 10.92 12.12 7.83 19.10 6.74 20.04 11.48 8.94
Ce/Ce* (Ce/Chond/La/Chond) 0.63 1.05 1.22 0.80 0.58 0.83 1.71 0.77 1.09
Ce/Ce* (Ce/Chond/Nd/Chond) 1.15 1.89 1.97 1.60 0.91 1.56 2.98 1.38 1.91
Dry Factor 1.02 1.02 1.02 1.01 1.01 1.03 n . o ? 1.01 1.02
Si02 69.75 65.82 66.71 67.57:66.50 76.90 69.33 78.26 71.29
85
I I i 1 , i i : : ‘ ■
67A 68A 69A 70A 72A 73A 74A 75A 76A 77A 78A 79A 18OA
---------;---------- .-----------)----------- i----------- i---------- :----------- - ---------'----------1----------:---------- 1----------- ---------
---------1---------- 1-----------'-----------
; 1 1 ! : ' : ! 1 - : ' - - 1 .
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0.52 0 .47 0.63 0 .49 0.52 0.55 0.221 0.83 0.34 0.36 0.35 0 .50 0.23
0.46 0 .43 0.48 0 .35 0.29 0.12 0.05 0.37 0.29 0.19 0.12 0.10 0.08
0.85 0.97 0.87 1.07 1.20 1.26 0.93 | 1.49 1.02 1.19 1.52 1.46 2 .76
1.10 1.10 1.06 1.12 1.13 1.06 0.821 1.65 1.02 0.90 1.28 n . 2 8 1.46
0.78 0.76 0.82 0 .49 0.25 0.15 0.10 0.43 0.32 0.19 0.21 0.28 0.18
2.71 2.44 2.41 3.58 3.67 2 .93 6.33! 3.88 5.60 5.67 5.34^^ 3 .8 T 7.39
1.81 1.80 1.76 2.21 2.16 1.97 3.13j 2 .64 3.10 2 .48 2 .99 2 .83 3.21
1.22 1.15 1.26 1.23 1.25 1.12 1.39| 1.03 1.26 1.39 1.17 0.95 1.37
70.53 75.31 77.28 37.40 16.01 8.57 6.52 18.00 20 .84 9 .17 8.84 5.46 4.51
81.14 72.20 92.20 37.54 16.72 9.87 7 .42121 .16122 .53 10.64 9.52 13.37 4.13
28.05 32.13 29.80 34.43 38.53 42.99! 41.15! 32.661 36 .00  47 .85 42.851 41.41 ^ 8 .4 6
3.361 2 .75 2.75 3 .99 3.92 3.10 5.941 5.10 6 .84 5.77 5 .78 4.45 5.95
1.13! 1 13 1.23 1.14 1.24 1.16 1.42! 0.97 1.08 1.37 1.09 0.88 1.38
1.41 1.28 1.40 1.27 1.32 1.23 1.331 1.27 - 1.32 1.39 1.18 1.02 1.11
0.87 0.88 5.94 0.73 0.62 0.66 0 .60  ! 0.54 0.52 0.68 0.63 r  0.68 0.62
1.63 1.84 1.41 1.78 1.62 1.62 3.531 1.40 2.24 2.43 ^ 2 .22 1.65 3 .56
0.45 0 .53 0.39 0.61 0.52 0.62 0.68, 0 .64 0.62 0.70 0.84 0.86 1.00
0.27 0.29 0.28 0.34 0.32 0.38 0.191 0.46 0.28 0.29 0.38 0 .52 0.28
4.19 3.90 3.57 5.33 5.96 5.35 5 .IOI 8.31 6.67 7.93 8.70 6.89 15.40
0.88 0.91 0.93 0.90 0.88 0.93 0.811 1.21 0.81 0.91 0 .82 0 .86 0.84
1.25 1.29 1.30 1.42 1.40 1.38 1.651 2.09 1 1 . 5 ^ 1.51 1 1.51 1.46 1.62
' i ! i
1.01 1.01 1.01 1.01 1.01 1.00 ' i.or 1.01 1.01 1.01 1.01 1.00 1.01
53.43 51.62 52.25 63 .17 68.51 75.49 77.19:68.991 67.141 76.49 75.72 84.04 80.79
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SIA 82A 83A 84A
0.46 0.64 0.27 0.45
0.13 0.15 0.15 0.07
2.60 2.93 0.71 1.39
1.96 2.44 0.67 1.37
0.23 0.35 0.12 0.35
4.26 4.23 3.05 5.42
2.77 2.85 2.14 3.12
1.01 1.07 1.12 1.08
5.70 7.63 10.43 14.78
6.14 8.76 14.67 15.64
48.25 43.50 38.31 36.63
4.58 4.36 3.23 7.94
0.95 1.04 1.05 0.94
1.03 1.07 1.11 1.38
0.77 0.58 0.58 0.62
1.89 1.40 3.03 2.00
1.05 0.94 0.85 0.85
0.56 0.67 0.28 0.42
12.68 13.12 2.82 10.96
0.91 0.93 0.86 0.93
1.59 1.68 1.45 1.64
1.01 1.01 1.01 1.01
82.12 78.67 80.33 69.31
Appendix C: Summary of the Principles of Thermobarometry
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Thermobarometry calculations are based on the equilibrium conditions predicted 
by physical chemistry. The equilibrium constant of a given reaction is related to pressure 
and temperature by known thermodynamic properties of minerals (AH, AS, AV and ACp). 
Those reactions which have a large value of AH and AS but small AV are relatively 
temperature sensitive but pressure insensitive (ex. Fe-Mg exchange between garnet and 
biotite). Those reactions with a large AV but small AH and AS are pressure sensitive and 
temperature insensitive (ex: almandine + grossular + muscovite = anorthite + annite). 
Using the Clapeyron Equation ôP/ôT = AH (T,P,X)/TAV(T,P,X) and starting at an 
experimentally determined point in P-T space, the slope of a univariant reaction line can 
be calculated. In theory, the intersection of univariant reaction lines from a given 
equilibrium mineral assemblage should intersect in an invariant point, giving the pressure 
and temperature of equilibration. In reality, this intersection does not define a point, but 
rather a region, in pressure-temperature space.
While thermobarometry is a useful tool in evaluating the pressure and temperature 
of metamorphism, it is not without drawbacks. There are three main sources of error 
which can be associated with thermobarometry calculations. The first relates to the 
precision and accuracy associated with the values chosen for calculation. These have 
been discussed in some detail by Speer (1993, p537-545) and will only be summarized 
here. There is inherent uncertainty associated with the thermodynamic properties of 
minerals, especially if  those properties vary with pressure and temperature. There is also 
uncertainty associated with microprobe determinations of mineral compositions, both 
because of variation in standard compositions, correction factors and analytical 
imprecision. These uncertainties can be addressed statistically. While they can not be
89
eliminated, their magnitude can be ascertained. There is additional uncertainty based on 
the activity model selected for a given mineral. This uncertainty is not random, so it can 
not be treated statistically. However, Speer (1993) suggests that these errors are "non- 
Gaussian" and thus can be added to the statistical uncertainty. Finally, there is 
uncertainty which results from heterogeneity of mineral grains. This can be minimized 
by careful determination of equilibrium mineral compositions in thin section, and 
microprobe analysis, but it can not be wholly eliminated because there is no sufficient test 
for the establishment of equilibrium during metamorphism. Speer (1993) illustrates the 
magnitude of various types of uncertainty associated with thermobarometric analysis, and 
that illustration is presented below.
In theory, the principles of thermobarometry allow the calculation of a unique 
pressure and temperature of equilibration for a given rock. However, the uncertainties 
associated with such calculations are significant. Nevertheless, thermobarometry, taken 
in conjunction with additional geologic evidence, provides a constraint on the pressure- 
temperature path over which a rock has been metamorphosed. Despite its inherent flaws, 
thermobarometry is a powerful and useful tool for investigating metamorphic terranes.
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Figure 16: P-T diagram showing calculate uncertainties in the application of the GASP 
(gamet-aluminosilicate-plagioclase)geobarometer and the gamet-biotite 
geothermometer. The small ellipsoid represents the error associated with 
propagated analytical precision, the small, dark parallelogram is the error from 
natural composition heterogeneities, the large parallelogram is the error from the 
choice of activity models, the large, thin ellipse is the error from the uncertainties 
in the calibration of the geothermometer and geobarometer, and the largest region 
is the combination of all these uncertainties. Although the GASP barometer was 
not used in this study, this picture illustrates the magnitude of combined 
uncertainties relative to the uncertainty associated solely with thermodynamic 
properties and microprobe accuracy. After Speer, 1993.
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